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ABSTRACT 
 
 

Nanostructures in Catalysis: 
Au/TiO2 for the Oxidation of CO at Low Temperature and Confinement Effect in Siloxane 

Nanocages 
 
 

Juan D. Henao 
 

 

Two subjects are the focus of this dissertation: Au/TiO2 catalyst used for oxidation of CO 

at low temperature and siloxane nanocages, a novel material (~2nm) recently developed in our 

group. 

While bulk gold is chemically inert, gold supported as nanoparticles is remarkably active 

for the oxidation of carbon monoxide at low temperature. The reaction has been intensively 

studied in the last years; however, the origin of this unusual activity is not yet fully understood. 

In particular, the nature of active site and the reaction mechanism have not been clearly 

identified. In this work, a combination of in-situ XANES, EXAFS and FTIR with microreactor 

studies are used to develop a structure-activity relationship by monitoring the structural changes 

during the activation of an inactive catalyst. In addition, the reaction pathway is investigated by 

identifying the surface species directly involved in the reaction and quantifying their 

transformation rates under transient and steady-state conditions. It is demonstrated that metallic 

nanosized gold is a necessary component of the active site. Its role is to activate CO, which is 

subsequently oxidized at the catalytic centers. Information on the nature of the catalytic centers 

is obtained through the identification of adsorbed hydroxycarbonyl species, via a combination of 
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in-situ FTIR, 18O2 isotopic labeling and mass spectrometry. All together, this study suggests 

that nanosized gold provides the necessary unsaturated sites where CO is activated. 

Key properties of the novel siloxane nanocages, including its protonation response to 

variations in the external pH, are investigated using Au3+ as a probe. The binding of Au3+ to the 

amine groups inside the nanocage is studied by a combination of XANES, EXAFS, UV-VIS and 

cyclic voltammetry. A remarkable reduction of five pH units on the Brønsted basicity of 

propylamine groups within the nanocage, consequence of their nano-confinement, occurs. When 

the amine groups inside the nanocage are in excess with respect to gold, they act as a chelating 

ligand. In addition, all the Au3+ inside the nanocage are chemically bound to the amine groups, 

for all amine/gold ratios.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation/Objective 

 This work has been motivated in part by the desire to gain a better understanding of the 

properties of nanozized gold that make it an unusual catalyst for the oxidation of CO at low 

temperature. It was also prompted by the wish to explore the chemical properties and possible 

applications of a novel nanocage developed in our laboratory three years ago.  

 Since it was discovered that gold nanoparticles are very active for the oxidation of CO at 

temperatures as low as -70 oC almost 20 years ago,1 much research has been devoted to the 

understanding of the origin of this remarkable activity. With time, it has been found that 

supported gold also catalyzes other reactions of commercial importance, including vapor phase 

epoxidation of propylene with H2 and O2,2-4 hydrochlorination,5 selective hydrogenation,6-9 

selective oxidation of CO,10 water-gas shift,11,12 selective oxidation of hydrocarbons,13-16 and 

selective reduction of NO by hydrocarbons.17 For these reactions, certain gold catalysts appear to 

provide not only high activity but also a remarkable selectivity. Most published research on 

catalysis by supported gold has centered on the oxidation of CO. This reaction is not only 

practically relevant to well known applications, but more importantly, its understanding will 

facilitate the comprehension of fundamental aspects of more complicated reactions of selective 

oxidation. One of the major issues not yet resolved in the gold-catalyzed oxidation of CO, is the 

oxidation state of gold in the active catalysts.18 Some authors report that the active site consists 

of cationic gold,12,19 others claim that an ensemble of zero-valent and cationic gold is  
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required,20-22 while some authors argue that the active site consists of electron-rich Au.23 The 

lack of consensus is, in part, due to differences in preparation and post-treatment conditions of 

the catalyst and the absence of in-situ characterizations relevant to the catalyst in its steady-state. 

Closely related to the issue of the nature of the oxidation state, is that of the reaction mechanism, 

which is not yet fully understood. The first part of this work has been devoted to the 

understanding of these two interrelated aspects of the oxidation of CO by supported gold, 

focusing on the case of Au/TiO2.  

The nanocages which are the main subject of the second part of this project, were 

developed in an attempt to control the nature and localization of active sites in a well defined 

nanostructure.24 Such a structure could allow fine control of catalytic activity and selectivity, for 

instance, by tuning the proximity among active sites,25-27 changing the nature of a fraction of the 

active sites or by modification of the environment around those sites.28-31 There are a lot of 

examples in nature in which such changes lead to significant changes in catalytic  

performance.32-34 By active sites, it is meant chemical groups that are capable of performing 

catalysis, alone or in cooperation with other functionalities, as well as groups that engage in 

binding with transition metals. In the research reported here, these active sites are primary amine 

groups located inside the nanocage, which is a hollow structure with spherical symmetry and a 

diameter of about 2.3 nm. The nanocages consist of a siloxane shell, one atomic layer thick, with 

pores allowing diffusion of molecules. These pores also prevent bulky molecules from entering 

the nanocage, giving the material size selectivity properties. One key question is particularly 

intriguing: does the confinement of the amine groups inside the nanocage modify their chemical 

properties as compared to unconstrained amines? The question is of high relevance when the 

potential of this novel material is considered, both as a catalyst and as a nano-reactor. Therefore, 
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the second part of this work focused on establishing whether confinement induced any 

changes, specifically in the Brønsted basicity of the amines. 

The first part of this work, which is related to the gold-catalyzed oxidation of CO, has 

two objectives: (1) to construct a relationship between catalytic activity and gold structure, as a 

means to identify the oxidation state of gold in an active catalyst. (2) to measure the rates of 

reaction of adsorbed species relevant to the reaction under steady state conditions, as a means to 

enhance the understanding the reaction mechanism.  

The objective of the second part of this work, which focuses on the study of the 

properties of the siloxane nanocages, is to determine if the confinement of amine inside the 

nanocage induces changes on their Brønsted basicity, as compared to the same amines in 

solution. 

 In order to provide a framework for the discussion in the subsequent chapters, a short 

introduction to the two topics studied in this dissertation is given below.  

 

1.2 Oxidation of CO catalyzed by supported gold 

 Four major unresolved issues in the understanding of the oxidation of CO by supported 

gold are:18 (i) the role of the support on the activity of the catalyst, (ii) the oxidation state of gold 

necessary for high catalytic activity, (iii) the effect of the moisture in the reaction feed on the 

catalytic activity and (iv) the causes of the high activity of small gold particles and for the strong 

dependence on particle size and morphology. There are several reviews discussing some or all of 

these issues.18,22,35-37 Since this work focuses only on the determination of the oxidation state 

required for high activity and some aspects of the reaction mechanism, a brief overview of these 

two subjects is provided. 
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 1.2.1 Oxidation state of gold at the active site 

 It has been proposed by several researchers that zerovalent gold is required for high 

catalytic activity. For instance, as early as 1993 Haruta et al.38 indicated that catalysts containing 

metallic nanoparticles generated by calcination at 400 oC of materials prepared by co-

precipitation or deposition precipitation on TiO2, α-Fe2O3, Co3O4 and Al2O3, were highly active. 

However, they stressed that the sole presence of metallic gold was not enough for high activity; 

instead, the metallic nanoparticles had to be firmly attached to the support by epitaxial contact, 

dislocations or contact with an amorphous layer. More recently, Zanella et al.39 reported the 

activity of Au/TiO2 catalyst prepared by deposition-precipitation as a function of the preparation 

method and calcination temperature between 100 and 400 oC; in their study, they found that the 

catalytic activity increased with the percentage of metallic gold, being maximum for the catalyst 

calcined at 200 oC. Their XANES characterization indicated that the catalysts exclusively 

contained metallic gold. Similarly, several other authors have suggested that the active center for 

oxidation of CO requires metallic gold;40-42 although they didn’t present any evidence supporting 

the existence of cationic gold species, they do not disregard the possibility that those species 

could exist in very small concentration (below detection limit). Theoretical studies exist which 

try to explain why the experimentally observed gold nanoparticles are active for CO oxidation. 

DFT calculations performed on model Au(111) surfaces indicated that adsorption of CO and O 

on step sites was significantly stronger than the adsorption on the (111) terraces;43 strain due to 

mismatch at the gold-support interface generated similar results. Based on these calculations, the 

authors reasoned that the unusual catalytic activity of highly-dispersed Au particles is in part due 

to the high density of step sites as the gold nanoparticles become smaller. A decrease in the size 

also increased the density of strains resulting on more adsorption sites. Later, the same authors 
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reported calculations for the adsorption of O2 on model surfaces of gold.44  They found that no 

adsorption took place on Au(111); however some adsorption was predicted to occur on a 

stretched Au(111) surface or a Au(211) surface, both stretched and unstretched. Once again, their 

calculations suggested that the highly dispersed gold nanoparticles used in the oxidation of CO 

contain a high density of steps and tensile strain sites that substantially facilitate the activation of 

O2 on the nanoparticles.  

 There are also observations pointing to the role of cationic gold as the active species in 

the oxidation of CO at low temperature. Using a catalysis prepared by coprecipitation of 

HAuCl4, Fe(NO3)3·9H2O and Na2CO3, Hutchings et al.45,46 observed that samples calcined in air 

at 400 oC exhibit very low catalytic activity, despite the fact that they consist of Au metal 

particles (on crystalline hematite platelets) of 3-5 nm. On the contrary, samples dried at 120 oC, 

containing non-crystalline AuOOH·xH2O with poorly crystallized ferrihydrite Fe5HO8·4H2O 

were found to be highly active, suggesting the role of gold oxyhydroxide (Au3+) as an active 

phase for CO oxidation. Other investigators have associated high catalytic activity to the 

presence of cationic gold for samples prepared by deposition precipitation on TiO2, Al2O3 and 

and Fe2O3.47 By a combination of XAS and XPS, they established that a phase transition from 

Au(OH)3 to Au2O3 to metallic gold occurred with increasing calcinations temperature. This 

transformation paralleled a decrease in catalytic activity. As a result, they concluded that the 

oxidized gold species were more active than metallic gold for this reaction. 

 

1.2.2 Reaction mechanism 

It was suggested by Bond and Thompson22 that the active site responsible for CO 

oxidation consisted of an ensemble of Au(OH)3 and metallic gold, with the ionic gold species  
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Scheme 1.1 
Proposed mechanism of reaction for the oxidation of CO on a supported gold catalyst (after 
Costello et al.21) 

 

 

 

 

 

 

 

 

 

 

acting as a “glue” between the metallic particle and the support. A similar model was later 

supported by the observations of Costello et al. during deactivation and regeneration of a highly 

active Au/Al2O3 catalyst.21 In these experiments, a rapid loss of activity with time on stream 

occurred, which could be prevented if hydrogen or water vapor was present in the feed. 

Deactivation was reversible, as a deactivated catalyst could be regenerated at room temperature 

with a flow containing either hydrogen or water vapor. When the catalyst was treated above 100 

◦C in a dry atmosphere, deactivation took place. Based on these findings, these researchers 

postulated that a hydroxyl groups, presumably associated with a Au+ cation was a main 

component of the active site. Cationic gold was presumably stabilized at defects sites on the 

alumina surface. They tried to selectively poison these sites with chloride ions and found that a 

Cl-/Au ratio < 10-3 suppressed catalytic activity by a factor > 10, which suggests that the density 
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of active sites is very low.48 Further evidence supporting the key role of hydroxyl groups as a 

component of the active site, came from the study of a deuterium isotope effect in the reaction 

using a feed with H2 and H2O.20 Consistently with all these observations, they proposed a 

reaction mechanism in which the active site consists of an ensemble of Au+−OH- sites in close 

contact with the metallic nanoparticles and the support, as illustrated in Scheme 1.1.21 The 

oxidation of CO was proposed to proceed via the insertion of CO into the Au+−OH- bond to form 

a hydroxycarbonyl, which is oxidized to a bicarbonate. Decarboxylation of the bicarbonate 

completes the reaction cycle. The model postulates that oxidation of the hydroxycarbonyl is 

carried out by an oxygen atom formed by dissociative adsorption on the gold nanoparticle. This 

reaction model excludes the participation superoxide ions.38,49-52   

In the model proposed by Bond and Thompson, the reaction proceeds via a different 

pathway.22 First, CO is adsorbed on metallic gold (Au0−CO), while a hydroxyl ion migrates from 

the support to the Au0/Au3+ boundary binding the cation and generating an anion vacancy 

(Au2+−OH). This OH- group subsequently reacts with adsorbed CO forming a carboxylate goup 

attached to Au2+ (Au2+−COOH) which leaves Au0 surface free for subsequent adsorption. 

Activation of oxygen occurs on the support through the formation of superoxide ions (O2
-−⁮s). 

Reaction of the superoxide with one carboxylate releases Au2+, CO2 and the intermediate      

HO2
-−⁮s which in turn attacks another carboxylate generating Au2+, CO2 and 2OH-. The 

hydroxyl ions return to the support with the consequent reoxidation of Au2+ to Au3+, closing the 

catalytic cycle.  

Haruta also postulated a model for the reaction in which the perimeter interface plays an 

important role.53 Based on a study of the activation energy for the reaction on Au/TiO2, he 

suggested three different pathways operating at different temperature ranges. According to his 
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model, below 200K the reaction occurs at step, edge, and corner sites on the Au particles, with 

apparent activation energies of zero kJ/mol. Activation of CO and O2 is presumed to take place 

at these sites on the gold nanoparticles. There is no reaction on the support or at the perimeter 

interface between Au0 and TiO2 because those sites are covered with carbonate species generated 

by the reaction. Between 200 and 300K, the reaction proceeds at the perimeter interface, which 

are partly covered with carbonate species. The coverage of species changes with temperature 

giving place to an apparent activation energy of 30 kJ/mol. Above 300K, the reaction proceeds at 

at the perimeter interfaces, between CO activated on the gold nanoparticles and O2 adsorbed on 

the support. In this case the reaction occurs much faster with an apparent activation energy of 

zero kJ/mol.   

 

1.3 Examples of properties exhibited by nanoconfined structures 

As observed on several biological systems, confinement at the nanoscale induces unusual 

physical and chemical properties. The most obvious effect of confinement is that of enhanced 

local concentration, which is partially responsible for the enormous reaction rates observed on 

enzymes.32-34 Although for these systems the acidic and basic groups performing catalysis are 

week compared to hydrogen or hydroxide ions, their proximity to the substrates in the active 

sites on enzyme-substrate complexes allow them to react very fast. The enhanced local 

concentration is a consequence of the very high packing at the active center of the enzymes. 

Typical packing densities of liquids are 0.5 and those of solids are greater than 0.6; near the 

surface of a protein the packing density may be about 0.60-0.65; deep in the interior it ranges 

between 0.70-0.85.32 But there is one more advantage besides the high effective concentration of 
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active groups relative to the substrate; the closeness of active site and substrate eliminates the 

requirement of a bimolecular collision, which makes the reaction entropically favored.32  

Variations in chemical properties also arise from changes in the microenvironment 

around active groups. For instance, large pKa shifts for buried acidic and basic residues of 

enzymes have been observed by structural deformations occurring during reaction or by 

folding/unfolding.32-34,54 For lysozyme and of staphylococcal nuclease, pKa shifts of up to 4.7 

units are common.55 Smaller pKa shifts have also been reported for Calbidin56 and Elastin 

polymers.57 These variations are usually rationalized in terms of electrostatic interactions 

between the hydrolysable groups54,56,58-61 or as of hydrophobic interactions with the 

microenvironment.55,57,61-67 This hydrophobic interaction arises from a repulsive free energy of 

interaction between the hydration shells of hydrophobic and polar groups when they are 

sufficiently close to each other.57,61-63 pKa shifts are not restricted to proteins but have also been 

induced in synthetic peptides with carboxyl side chains by chain stretching (mechanical 

stretching).68 Stretching increases the mean distance between charges, releasing charge-charge 

repulsion with the consequent discharge of protons into the medium.68 However, the proton 

dissociation is modulated by an increment in the hydrophobic interaction, due to exposure of 

hydrophobic residues, as the chain is strained.68 Marked changes in chemical properties result 

from other variations near the active sites. For instance, it has been observed that the polar 

environment around Asp102 in trypsin can be altered by replacement of the adjacent aminoacid 

Ser214 with Lys and Glu, with minor structural changes around catalytic center.69 This 

disruption however, results in strong depletion of the catalytic activity of the this protease, where 

the modified structures exhibit 1% and 44% of the original activity, respectively.69  
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Early evidence of pKa shifts exists for polyelectrolyte solutions, indicating that the 

values were dependent on external conditions like the degree of neutralization and ionic 

strength.70,71 PAMAM dendrimers also exhibit interesting properties as a result of nano-

confinement. Studies of Cu2+ binding to such dendrimers using EPR reveal that the protonation 

tendency of the amines strongly depend upon their location in the structure; as a result, the 

distribution of copper in the dendrimer is highly dependent on the bulk pH.72-73 At low pH the 

peripheral amines are protonated but only partial protonation occurs at the interior; since protons 

compete with Cu2+ for the binding sites, the metal cations are localized towards the interior of 

the structure. As pH increases, binding of copper also takes place at the denderimer’s external 

layers.72-73 It has been demonstrated that the internal tertiary amines of hydroxyl-terminated 

dendrimers have a pKa=6.3, which is 1-2 pH units lower than expected for a single amine in 

solution; it is believed that the hydrophobic microenvironment within the dendrimer is 

responsible for this difference.74 Contrarily, the peripheral amines in the amine-terminated 

dendrimers are protonated at the same pH as primary amines in solution (pKa=9.23), because the 

microenvironment around them is more hydrophilic.74-75          

   

1.4 Summary  

 This dissertation comprises two parts. In the first part (Chapters 3 and 4), two related 

aspects of the catalytic oxidation of CO at low temperature over Au/TiO2 are considered: (i) the 

oxidation state required for high activity and (ii) the reaction mechanism, through the 

identification and quantification of surface species relevant to the reaction. The second part 

reports the synthesis of siloxane nanocages (Chaper 5) and studies the response of the primary 

amine groups inside those nanocages to protonation, as a result of variations in the external pH 
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(Chapter 6). The dissertation starts with a detailed presentation in Chapter 2, of the main 

experimental techniques used throughout this research. Chapter 3 focuses on the development of 

a relationship between catalytic activity and the oxidation state of gold on the Au/TiO2 catalyst, 

for the oxidation of CO at sub-ambient temperatures. This was done via a combination of in-situ 

techniques that permitted to probe the structure of the catalyst while it was activated in a 

controlled manner. Chapter 4 goes into the details of the role of metallic gold and the 

identification of adsorbed species relevant to the reaction. Here in-situ XANES and FTIR, mass 

spectrometry and isotopic labeling were used in combination to provide a description of the main 

changes occurring on the catalyst while the reaction was taking place under steady-state and 

transient conditions. Chapter 5 centers on the synthesis and characterization of siloxane 

nanocages of 2 nm, which contain propylamine groups tethered to the interior. 1H-NMR together 

with Dynamic Light Scattering (DLS) was used to characterize the different steps during the 

synthesis of the material. Quantification of the amine groups at the nanocages’ interior was done 

by titration with ninhydrin to generate a chromophore that was easily determined by UV-VIS 

spectroscopy. The use of techniques like flash chromatography and dialysis in the purification of 

different reactants and products is also discussed. Chapter 6 concentrates on the study of the 

chemical properties of the amine groups at the interior of the nanocages. Using binding of Au3+ 

to the amine groups as a probe, the effect of the bulk pH on the protonation of the amine groups 

has been established by means of XANES, EXAFS, UV-VIS and cyclic voltammetry.  

Ultimately, these results reveal the existence of a confinement effect at the nanoscale that confers 

unusual properties to this novel material (the nanocage), both as a catalyst and as a nanoreactor 

where the controlled synthesis of some other materials of interest in catalysis and medicine could 

be carried out. The dissertation ends with Chapter 7, in which the main accomplishments of this 
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research are summarized. Some recommendations for future work in order to build a more 

comprehensive picture of the reaction mechanism for the oxidation of CO on supported gold as 

well as a discussion on some exciting opportunities offered by the novel nanocage, are also 

included.  

 This dissertation offers some answers to key questions on the oxidation of CO on 

supported gold, related to the nature of the active site and the reaction mechanism. It also 

illustrates the surge of unusual properties due to confinement at the nanoscale. As a whole, it 

contributes some important results to the dynamic area of catalysis by gold and lays the 

foundations for future studies on the use of the siloxane nanocages for catalytic applications and 

the controlled synthesis of advanced materials.    
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CHAPTER 2 

EXPERIMENTAL 

 

2.1 Oxidation of CO on Au/TiO2 

Catalytic activity measurements were performed using 100 mg of powdered catalyst, 

supported between two acid-washed glass wool slugs inside a U-shaped quartz microreactor 

(ID=5mm). The reaction was conducted at different temperatures ranging from -77 oC to 20 oC. 

Below 0 oC, temperature was controlled by immersing the reactor into an isopropanol/dry-ice 

bath, whose temperature was controlled to ± 2 oC by adjusting the amount of dry ice in the bath. 

At 0 oC, tempearure was controlled with a water/ice bath; at 20 oC, the reactor was submerged 

into a water bath. The reaction mixture consisted of 1% CO, 2.5% O2 and balance He, supplied 

at near atmospheric pressure. Depending on the reaction temperature, the total flow rate was 

adjusted to 30-200 mL/min with mass flow controllers (Brooks 5850C), in order to achieve 

approximately 80% CO conversion. Scheme 2.1 illustrates the reaction system employed. The 

gases leaving the reactor were analyzed by Fourier Transform Infrared Spectroscopy (FTIR), gas 

chromatography (GC) or an FTIR/GC arrangement in series.  

A Perkin Elmer GX2000 FTIR spectrometer equipped with a mercury cadmium telluride 

(MCT) detector, was used to quantify gas phase CO. The gases were passed through a 35 mL 

cylindrical glass cell with CaF2 windows, located inside the FTIR in a compartment purged with 

dry N2 to minimize background moisture.  

A HP 5890 Series II gas chromatograph furnished with a molecular sieve 13X and a 

Hayesep Q packed column was used. Separation of O2 and CO was performed in the 13X 

column, whereas CO2 was separated with the Hayesep Q column, both at 100 oC. Quantification  
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Scheme 2.1 
Reaction system used to test catalytic activity for oxidation of CO with Au/TiO2. 

 
 

 

 

 

 

 

 

 

 

 

was carried out by two thermal conductivity detectors (TCD) at the end of each column, using 

He as carrier/reference gas.  

The tandem arrangement used the GC described above, downstream of a Nicolet Nexus 

670 FTIR spectrometer equipped with a MCT detector. Once again, the gasses passed through a 

35 mL glass cell inside a chamber purged with dry N2, where they were analyzed.  

The FTIR data were acquired every 40 seconds, as an average of 5 scans at a resolution 

of 0.5 cm-1. The conversion of CO was calculated based on the changes in the intensity of the 

rotational band at 2147 cm-1, since this band followed Beer’s law in the concentration range 

studied. At the start of the experiment, the initial concentration of CO with correspondent 

absorbance Ao, was determined. At time zero the mixture was passed through the catalyst bed 
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and the intensity of the 2147 cm-1 band was recorded as a function of time. The conversion of 

CO was calculated as follows: 

100
0

0 ×
−

=
A

AA
X CO   

where A represents the absorbance at 2147 cm-1 at any given time. Calculations based on changes 

on the CO2 bands were inaccurate, due to random changes in the concentration of this gas 

outside the glass cell, inside the FTIR chamber. 

Similarly, calibration values for CO and O2 were determined by GC, bypassing the 

reactor at the beginning of the experiment. Then, the reaction mixture was allowed to flow 

through the catalyst bed and subsequently into the GC. The area of the peaks corresponding to 

CO, O2 and CO2 were recorded as a function of time. The conversion of CO was calculated from 

the change in the CO peak area. The O2 and CO2 peaks were used to verify the mass balances. 

Both the carbon and oxygen mass balances were satisfied within 5%.      

 

2.2 Characterization of Au/TiO2 

2.2.1 Chemical analysis 

 The gold loading of the catalysts was determined by X-ray Fluorescence (XRF) or by 

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). The XRF analysis was 

performed using a Bruker S4 Explorer XRF analyzer. A calibration curve was obtained using 

five TiO2 samples impregnated with increasing amounts of gold, by addition of diluted solutions 

prepared from an Au ICP standard. Standards and samples were analyzed as 100 mg pellets, in 

He atmosphere. For ICP analysis, 40 mg of catalyst was mixed with 1 mL of a HF/HNO3 

solution (3/1 ratio) and subsequently diluted to 50 mL. Before analysis, samples were first 
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allowed to digest for 12 h and then filtered to remove undissolved TiO2. Calibration samples 

were prepared by dilution of an Au ICP standard solution (Aldrich).   

 

2.2.2 In-situ XANES/EXAFS 

 X-ray Absorption Spectroscopy (XAS) experiments were performed at the bending 

magnet beamline 5-BMD of the DuPont-Northwestern-Dow Collaborative Access Team (DND-

CAT) at the Advanced Photon Source (APS) at Argonne National Laboratory. The beamline was 

equipped with a Si(111) double crystal monochromator, which was detuned to ~ 70% of the 

maximum intensity to minimize interference by harmonics. Samples were analyzed both in the 

transmission and the fluorescence mode. The experimental set-up used in each mode is 

illustrated in Schemes 2.2 and 2.3. In the transmission mode, three ionization chambers arranged 

in series were used to measure the intensity of the incident radiation (I0), the radiation after the 

sample (I1) and after a gold foil reference (I2). Chambers 1 and 3 were filled with a mixture of He 

and Ar to achieve 15% absorption; chamber 2 was filled with a mixture of N2 and Ar, giving 

place to absorption of 70% of the signal. In the fluorescence mode, a 13-element solid state 

detector oriented at 45o with respect to the sample was used. Signals from the 13 independent 

detectors were averaged before data analysis.     

 The transmission cell used in the in-situ XAS experiments, consisted of two concentric 

cylinders, the interior one having only half the length of the exterior. Typically, 100 mg of 

sample were pressed to a self supporting pellet that was placed at the end of the inner cylinder, 

between two nylon grids (see Scheme 2.2). X-ray transparent Kapton film was used to seal both 

ends of the cell. Gas entered the cell via the outer cylinder and was forced to flow through the 

sample into  the inner  cylinder  before  exiting.  In  order  to  perform experiments at subambient  
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Scheme 2.2 
XAS set-up used to carry out experiments in the transmission mode. A diagram of the in-situ cell 
is provided (after J. H. Yang1). 
    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

temperatures, the cell was placed inside a copper housing that was cooled with an ethanol/dry ice 

mixture; this configuration allowed to control temperature to ± 2 oC in the range from 0 to -77 

oC. Temperature was monitored with a thermocouple located inside the cell, next to the sample 

pellet. 

 The fluorescence in-situ cell consisted of two concentric cylinders, arranged in a way that 

permitted the catalyst to be located at one of the ends of the cell (Scheme 2.3). 100 mg of sample  

Figure 2.4 In-situ XAS setup at DND-CAT in transmission mode and detailed schematic of the in-situ cell used 
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Scheme 2.3 
XAS set-up used to carry out experiments in the fluorescence mode. A diagram of the in-situ cell 
is provided (after J. H. Yang1). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was loaded as a pellet (Diam=1.59 cm) in a small compartment located at the end of the inner 

cylinder. When the cell was assembled, the tip of the inner cylinder containing the sample 

coincided with the end of the outer cylinder exposed to the X-rays. There, the outer cylinder was 

sealed with a Kapton film. Similarly to the transmission cell, gas entered via the outer cylinder 

and was forced to flow through the sample prior to exiting the cell. The temperature was 

monitored by a thermocouple located inside the inner cylinder, in close proximity to the catalyst. 

Figure 2.5 In-situ XAS setup at DND-CAT in fluoresence mode and detailed schematic of the in-situ cell used 
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Subambient temperatures were achieved by placing the cell in the copper block previously 

described.   

 Control experiments indicated that bypass through both cells was minimum. A gas 

delivering system similar to the one described in section 2.1 was used to test the activity of the 

catalyst while its structure was probed by EXAFS/XANES. 1% CO and 2.5% O2 in He were 

typically used, at a total flow rate that depended on the reaction temperature. The flow and 

composition of the reaction mixture were controlled by mass flow controllers. A GC (HP 6890) 

equipped with a 13X molecular sieve packed column and a TCD detector, was used to quantify 

changes in the concentration of CO in the gas leaving the in-situ cell.  

  

2.2.3 Controlled reduction using H2 pulses 

 Controlled reduction of as-prepared Au/TiO2, which contained only cationic gold (Au3+), 

was performed by repeatedly pulsing 1mL of H2 through the sample inside the in-situ XAS cell, 

at room temperature. The experiments were performed under oxygen-free conditions (~ 10 ppm 

O2), which was attained by placing a MnO trap immediately before the He mass flow controller. 

H2 (Matheson 99.999%) was carried out to the sample by He, using a 6-way valve with a 1-mL 

loop. The water produced by as gold was reduced, was trapped in a cold trap located downstream 

the in-situ cell. The amount of H2 consumed was determined by a TCD detector mounted in an 

HP 6890 gas chromatograph. In some instances, H2 pulses were alternated with a CO/O2 mixture 

through the catalyst; this was achieved by coupling the reaction system described above (section 

2.1) with the H2 pulse system, as depicted in Scheme 2.4.             
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Scheme 2.4 
System used to reduce as-prepared Au/TiO2 loaded into the in-situ XAS cell. This arrangement 
allows switching between H2 pulses and a reaction mixture.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.4 Mass spectrometry 

 Mass spectrometry was used to quantify the amount of CO adsorbed by a completely 

reduced Au/TiO2 sample. It was also employed to follow the changes in the composition of the 

reactor effluent, as the catalyst was exposed to CO and O2 under transient conditions. The 

experiments were carried out with the sample loaded in the powder form into a fused silica U-

tube microreactor. Temperature was controlled by placing the reactor in an isopropanol/dry ice 
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identification and quantification of the different components in the reaction mixtures. The 

MSD detector was directly connected to the reactor effluent by a deactivated fused silica 

capillary tube (ID=0.05mm, L=1 m). Switching between different gases was attained with a four-

way valve located right before the reactor inlet. The total flow of the gases in both sides of the 

four-way valve, were kept equal to eliminate any artifacts on the observed changes in the gas 

composition during the transients. The tubing length between the 4-way valve and reactor inlet 

as well as the reactor exit and the MSD, was minimized in order to reduce the response time in 

the MS. Scheme 2.5 illustrates the system layout. 

 

Scheme 2.5 
Reaction system used to perform the mass spectrometry experiments. 
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2.2.5 In-situ FTIR spectroscopy 

 A stainless steel cylindrical cell (L=2 cm, I.D.=2 cm) fitted with CaF2 windows was used 

to carry out the experiments. Samples were loaded into the cell as self-supporting wafers of 20 

mg; this amount of sample provided a good compromise between mechanical strength and IR 

transparency. The sample was placed on a tungsten mesh and further secured by a stainless steel 

ring, in order to prevent any movement as the cell was horizontally positioned. Control 

experiments demonstrated that negligible by-pass occurred when the sample was loaded in this 

manner. The cell was fixed to one side of a larger stainless steel tube furnished with a CaF2 

window at the other end (see Scheme 2.6). This configuration allowed attachment of the cell to a 

copper block that was used to cool it down to as low as -70 oC. Cooling was attained by addition 

of a mixture of isopropanol/dry ice (or dry ice/liquid nitrogen) to a compartment in the copper 

block; this allowed temperature to be controlled within 2 oC of the target value. The reaction 

mixture was pre-cooled in a coil at the interior of the cooper block, before entering the IR cell. A 

sub-mini thermocouple assembly (Omega) located immediately downstream the catalyst was 

used to monitor the reaction temperature. 

The ensemble cell-copper block was properly aligned in the analysis chamber of a 

Nicolet Nexus 670 FTIR spectrometer equipped with an MCT detector. The chamber was purged 

with 2 L/min of dry nitrogen in order to prevent freezing of water at the CaF2 windows. The     

in-situ FTIR system was coupled to a gas handling system similar to the one described in 

Scheme 2.5, allowing the simultaneous study of the dynamic of surface species and catalytic 

activity. In this case, the gas stream exiting the IR cell was directed to a HP 6890 gas 

chromatograph.       
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Scheme 2.6 
In-situ FTIR system detailing the cell used to study the kinetics of surface species on the catalyst. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6 18O isotopic labeling 

 The system shown in Scheme 2.7 was used to study the isotopic exchange of 18O2 in the 

gas phase with oxygen atoms belonging to species adsorbed on Au/TiO2 catalyst. It was 

composed of a gas delivery system coupled to the in-situ FTIR system described above. The gas 

delivery system easily allowed the switching between He, CO/He, O2/He, CO/O2/He, 18O2 and 

CO/ 18O2/He. As established by control experiments, this configuration permitted operation at 

oxygen levels below 10 ppm when an oxygen-free gas was required.    
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Scheme 2.7 
System used on the study of 18O isotopic exchange with surface species on Au/TiO2 catalyst. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Characterization of siloxane nanocages 

2.3.1 1H, 13C and 29Si NMR 

 NMR experiments were performed in the liquid phase, using Varian INOVA 400 and 

INOVA 500 spectrometers. Proton NMR was collected at 400.6 MHz and 499.5 MHz on the 

INOVA 400 and INOVA 500 instruments, respectively. Depending on the sample, the delay time 

was varied between 1 and 20 s allowing proper quantification. 13C NMR was obtained at 100.7 

and 125.6 MHz in the INOVA 400 and INOVA 500 spectrometers, using standard pulse 

sequences. Similarly, 29Si NMR was acquired at 79.6 MHz in the INOVA 400 instrument using a 
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standard pulse sequence. Either TMS or the residual protons in the deuterated solvents were 

used as internal standards when studying chemical reactions and to reference the peaks. 

Chemical shifts are reported as ppm values with respect to TMS.  

       

2.3.2 Dynamic Light Scattering 

 As described in Chapter 5, the synthesis of siloxane nanocages starts with the generation 

of micelles in ethanol. These micelles are then chemically modified in several stages to produce 

the nanocages. The size of the particles in solution, all the way from the micelles to the 

nanocages, was measured by Dynamic Light Scattering (DLS). DLS is a technique used to 

determine the size of particles in a liquid, by measuring their Brownian motion.2 Brownian 

motion arises from the random collisions between the particles and the solvent surrounding them. 

An important feature of this motion is that small particles move faster than bigger particles.3 A 

relationship between the size of the particle and its diffusivity in solution is given by the Stokes-

Einstein equation:4 

            
io

i r6π
kTD
η

=                                           (2.1) 

where iD  is the diffusion coefficient of the particles, k is the Boltzmann constant, oη  the 

viscosity of the medium and ir  the hydrodynamic radius of the particles. Equation (2.1) strictly 

holds for highly diluted solutions of hard spheres with io rr > ;3 however, it can be used to obtain 

fairly good representations of many real systems under more general conditions.4,5  

 In a DLS experiment the solution containing the particles of unknown size is illuminated 

with a laser, generating a time dependent scattering pattern that is analyzed with a digital 

correlator. The correlator measures the fluctuations in scattering intensity at a given point, in 
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terms of the degree of similarity between two signals over a period of time. If the signal 

intensity at a time t is compared with itself, a perfect correlation is obtained, since both signals 

are identical. However, if the signal at time t is compared to a signal at a much later time t+Δt, 

no correlation will exist since the particles are moving randomly. Therefore, an autocorrelation 

function of the intensity of the signal I(t)  has been defined, where a perfect correlation is 

reported as 1 and no correlation is reported as 0:4,6  

                                       ∫ +==
∞→

τ

0
τ2 dt τ)I(t I(t)

T
1lim)I( I(0))(G ττ                   (2.2) 

where the scattering intensity at time zero is compared with that at a delayed time in the order of 

microseconds to milliseconds. Equation (2.2) is usually converted to a correlation function of the 

scattered electric field, as discussed elsewhere.4-6 It is the combination of equation (2.1) and the 

transformed version of equation (2.2) that allows the determination of the size of the particles in 

solution. Commercial software exists that is used to extract the decay rates for a number of size 

ranges from the experimental autocorrelation function, to generate a size distribution for the 

particles in solution.2,4-6    

 The DLS results reported in this work were obtained with a Zetasizer Nano ZS 

instrument (Malvern Instruments Ltd.), capable of determining particle size in the range from  

0.6 nm to 6 μm. This instrument was equipped with a 633 nm red laser and an attenuator located 

between the laser source and the sample, in order to optimize the intensity of the scattered light 

reaching the detector. Adjustment of the attenuator was automatically done by the instrument 

software. Data collection was performed by backscatter detection, with the detector located at 

173o from the sample. This arrangement minimized multiple-scattering and interference by dust. 

In most cases, the samples were analyzed in polystyrene disposable cuvettes (10 × 10 × 48 mm, 
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Sarstedt); however, for solutions in chloroform, a quartz cuvette (10 × 10 × 48 mm, Malvern 

Instruments Ltd.) was employed. For each sample, 3-7 measurements were acquired; each 

measurement was the average of 7-10 scans. Data processing was carried out with the 

commercial software provided by Malvern Instruments Ltd.2      

 

2.3.3 Titration of amine groups 

 Quantification of primary amine groups tethered to the interior of the nanocage is 

required in order to understand the chemical properties of the nanocage (see Chapter 6). It also 

generates additional information on some of the physical properties of this material (see Chapter 

5). Quantification was carried out by the Ninhydrin Reaction, commonly used to monitor 

completeness of amino acid coupling in Solid Phase Peptide Synthesis and Solid Phase Organic 

Synthesis.7 The reaction is illustrated in Scheme 2.8. As observed, there is a one-to-one 

correlation between the reacted primary amine and the formed chromophore (Ruhemann’s blue), 

which is detected and quantified by UV-VIS spectroscopy at 573 nm. The Ninhydrin Reaction 

works in several solvents, including methanol, ethanol, chloroform and dichloromethane. In this 

work, the reaction was carried out in chloroform at 120 oC. Three stock solutions were required 

to perform the test. Stock solution 1 was prepared by addition of 40 g of phenol (Aldrich, 99.5%) 

to 10 mL of ethanol (Aldrich, 200 proof). Stock solution 2 was prepared in two steps; first 69 mg 

of KCN (Aldrich, 98%) were added to 105 mL of DDI water. Then, 2 mL of this solution 

(KCN/H2O) were mixed with 98 mL of pyridine (Aldrich, 99%). Stock solution 3 was prepared 

by addition of 2.5 g of ninhydrin (Riedel-de Haën, 99%) to 50 mL of ethanol (Aldrich, 200 

proof). All three solutions were stored in a dessicator; the ninhydrin solution was also wrapped in 

aluminum foil to protect it from light.           
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Scheme 2.8 
Ninhydrin reaction used in the titration of propylamine functionalities tethered to the interior of 
siloxane nanocages.7 

 
 

 

 

 

 

 

 

 

 

 

 

 

 In a typical experiment, 0.5 mL of nanocage were mixed with 0.75 mL of a 6 mM 

solution of triethylamine in a 10 mL vial and allowed to react for 45 min at 100 rpm. TEA was 

used to neutralize any residual HI remaining after carbamate deprotection (see Chapter 5), as it 

interferes with the ninhydrin reaction. Subsequently, the solvent was evaporated under vacuum at 

RT, leaving mainly the nanocage along with some residual triethylamine (TEA) and TEAH+I-. 

Control experiments indicated that neither TEA nor its hydroiodic salt give a positive ninhydrin 

test; therefore, their presence in the solution did not contribute to the formation of the 

chromophore. The solid remaining after evaporation was re-dissolved in 2 mL of chloroform; 

then 3 drops of each stock solution were added to the vial. The solution was stirred at 100 rpm 
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for 5 min in the absence of light. This was achieved by wrapping the vial in aluminum foil. 

Following, the wrapped vial was brought into a silicon oil bath at 120 oC for 90 seconds, where 

the formation of the chromophore took place. Caution must be exercised in this step, as 

excessive heating will cause an explosion of the vial due to the high pressure developed in its 

interior. It was established that heating in properly sealed vials did not cause any significant loss 

of solvent, as the mass of the sample before and after the reaction was the same. After cooling 

down, part of the solution was transferred to a UV-VIS cuvette and its spectrum was measured in 

a Spectronic Genesis 2 instrument (Spectronic). The intensity of the band at 573 nm was then 

compared against a calibration curve, obtained as just described, with 3-aminopropyl-

methylbis(trimethyl-siloxy)silane instead of the nanocage. 3-aminopropyl-methylbis(trimethyl-

siloxy)silane (APMBTSS) constituted a good reference to compare the nanocage with, due to 

their local similarity around the propylamine groups (see Chapters 5 and 6). The use of the 

calibration curve allowed the determination of the total concentration of amine groups due to the 

nanocage in solution. Since ninhydrin undergoes slow degradation under storage, losing its 

titration power, a calibration curve using APMBTSS was required every time that the nanocage 

was analyzed. Additional control experiments performed with the nanocage right before 

carbamate deprotection (Chapter 5) as well as several secondary amines generated negative 

results. Thus, only the primary amine groups generated after deprotection were quantified.                 

 

2.3.4 Cyclic Voltammetry  

 Cyclic voltammetry is an electrochemical technique in which the potential of a stationary 

working electrode in an unstirred solution, is linearly scanned with time from a potential where 

no electrode reaction occurs (E0) to a potential where reduction or oxidation of the substance of 
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interest takes place (E1).8-11 Half the experiment consists of sweeping the potential between E0 

and E1. In the other half the scan direction is reversed. The potential E1 where the scan direction 

is reversed is known as the switching potential. A scan towards negative potential is known as a 

forward scan. Usually, the reactions occurring at the working electrode during the forward scan 

are reversed during the backward scan. However, this does not hold for irreversible reactions 

where the intermediates or products generated during the first half of the cycle are transformed 

into different species. The potential of the working electrode is defined with respect to a 

reference electrode, usually a saturated calomel electrode (SCE) or a silver/silver chloride 

electrode (Ag/AgCl). Generally, one or more electrode reactions occur in the potential region 

scanned, generating current responses (Faradaic currents) that are plotted as a function of the 

applied potential. This current-potential curve is called a voltammogram. Due to its nature, a 

cyclic voltammogram provides information on the electronic properties of the species 

undergoing redox reactions at the working electrode, which can be used to study reaction 

pathways, free radical reactions, oxidation/reduction properties of metals in complexes, 

identification of complexes containing different ligands, transport properties and many other 

processes.8-11  

 As mentioned, the Faradaic current is a direct measurement of the rate of the 

electrochemical reaction occurring at the working electrode. It depends mostly on the rate of 

mass transport from the bulk solution to the electrode and the rate of electronic transfer from the 

species in solution to the electrode and vice versa (charge transfer).8 Mass transfer can occur by a 

combination of diffusion, migration of ions under the electric field imposed by the electrodes and 

convection, as described (in one dimension) by the Nernst-Planck equation:12 
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where J is the flux (mol cm-2 s-1), D is the diffusion coefficient (cm2 s-1), C  is the concentration 

(mol cm-3), z  is the number of electrons transferred, F  is the Faraday constant, φ is the 

electrostatic potential and xv is the hydrodynamic velocity.  

The cyclic voltammetry experiment is performed under conditions in which the main 

contribution to the mass transport is due to diffusion. That is achieved by running the 

experiments under unstirred conditions (which eliminates most of the convective transport), in 

the presence of a 100-fold excess (or more) of an inert salt (supporting electrolyte). The role of 

the salt is to dissipate the electric field of the polarized electrode over all the ions in solution and 

not just the electroactive material. This cuts the migration component in equation (2.3) by about 

99%. Under these conditions, the current flowing through the working electrode is given by: 

 

                                  
0xx

t)C(x,nFADi(t)
=∂

∂
=                                   (2.4) 

where n is the number of electrons transferred at the working electrode,  F is the Faraday 

constant and A is the electrode area. Equation (2.4) can also be expressed as:8,12 

 

                                                      1/21/2

1/2

tπ
CnFADi(t) =                                       (2.5) 

which is known as the Cottrell equation. Cottrell equation is widely used to interpret cyclic 

voltammetry results and is valid only under conditions in which diffusion dominates over the 

other mass transfer mechanisms. Equation (2.5) indicates that the diffusional layer around the 

working electrode expands in a way in which the diffusional gradient decreases with the inverse 
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of the square root of time. From this equation, a related expression has been developed, which 

correlates the Faradaic current with the scan rate, known as the Randles-Sevcik’s equation:8,9 

                                 1/21/23/25 CνAD)n10(2.69i(t) ×=                           (2.6) 

where ν  is the rate at which the working electrode is scanned, in V/s.  

Equation (2.6) can be used, for instance, to calculate the diffusivity of the active material 

when the electrochemical reaction is known (defined n), since all the other parameters can be 

adjusted before the experiment. In this work, the equation was used to measure changes in the 

concentration of cationic gold in solution, by monitoring the variations in the corresponding 

Faradaic current. The experimental set up used consisted of a glass cylindrical cell (I.D.=1 cm, 

10 mL) containing the solution of interest, the working electrode, reference electrode and a 

counter electrode. The role of the counter electrode was to provide the current required to sustain 

the electrolysis at the working electrode. This arrangement avoided large currents through the 

reference electrode, which could change its potential. A polypropylene cap was used to seal the 

cell and to maintain the electrodes at fixed positions in the cell. A stirring bar was used to 

homogenize the solution prior to data collection, when multiple scans were acquired. Data were 

collected with a CHI 900 Electrochemical Scanning Microscope (CH Instruments Inc.), using a 

glassy carbon working electrode (CH Instruments Inc., Diam.=3mm) and a Ag/AgCl reference 

electrode. The counter electrode was a platinum wire (Aldrich, 99.9%). All samples where 

purged with N2 before carrying out a measurement, in order to remove dissolved oxygen. 0.1 M 

NaCl or NaClO4 were used as supporting electrolytes in methanol/water (4.4% H2O) and 

methanol (0.1% H2O), respectively. In all the experiments, the working electrode was scanned at 

0.1V/s.  
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2.3.5 XANES/EXAFS in the liquid phase 

 X-ray absorption spectroscopy (XAS) experiments were conducted in liquid phase in 

order to study changes on the first neighbors of Au3+ in solution, induced by variations in pH and 

interaction with siloxane nanocages. The same instrumentation used to study Au/TiO2, was used 

in this case (section 2.2.2); however the sample was loaded into a polypropylene cylinder 

(Diam.=11 mm, 1 mL), that was subsequently sealed with Parafilm M (Alcan, Inc.). Due to the 

low concentration of Au3+ in the samples (about 430 μM), the measurements were carried out in 

the fluorescence mode, with the flat surface generated by the Parafilm facing the beam at an 

angle of 45o with both the beam and the detector. Once again, the analysis of data was performed 

as described in section 2.2.2.  

   

2.3.6 UV-VIS spectroscopy 

 UV-VIS analysis of gold solutions was used to complement cyclic voltammetry and XAS 

characterization. Here again, the analysis focused on the changes in the nature of the ligands of 

Au3+ induced by variations on pH and interactions with the nanocage. The data was acquired 

using a Spectronic Genesis 2 instrument (Spectronic). For solutions of high concentration of gold 

(430 μM), a quartz micro-cuvette with a 1 mm path length (1 × 10 × 48 mm) was used; for 

solutions with less than 80 μM of gold, a standard quartz cuvette with a 10 mm path length (10 × 

10 × 48 mm) was employed. Before any experiments were conducted, the linearity of the signal 

in the concentration range of interest, at the desired wavelengths (Beer-Lambert’s law), was 

established.  
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CHAPTER 3 

ACTIVATION OF Au/TiO2 CATALYST FOR LOW TEMPERATURE OXIDATION OF CO 

 

3.1 Synopsis 

Changes in a Au/TiO2 catalyst during the activation process from an as-prepared state, 

consisting of supported AuOx(OH)4-2x
- species, were monitored with X-ray absorption 

spectroscopy and FTIR spectroscopy, complemented with XPS, microcalorimetry, and TEM 

characterization. When the catalyst was activated with H2 pulses at 298 K, there was an 

induction period when little changes were detected. This was followed by a period of increasing 

rate of reduction of Au3+ to Au0, before the reduction rate decreased until the sample was fully 

reduced. A similar trend in the activation process was observed if CO pulses at 273 K or a steady 

flow of CO at about 240 K was used to activate the sample. With both activation procedures, the 

CO oxidation activity of the catalyst at 195 K increased with the degree of reduction up to 70% 

reduction, and decreased slightly beyond 80% reduction. The results were consistent with 

metallic Au being necessary for catalytic activity. 

 

3.2 Introduction 

Although bulk gold has historically been regarded as chemically inert, highly active 

catalysts of gold on metal oxides have been reported in recent years for various reactions,1-3 

including remarkable activity for low-temperature CO oxidation. In particular, Au/TiO2 exhibits 

CO oxidation activity at temperatures as low as 90 K.4 The intense effort expanded on the 

elucidation of the origin of the high activity and factors that influence it5-10 has led to different 

models of the Au active site. However, as yet there are no overarching conclusions to account for 
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all the observations. Metallic Au has been proposed to be the active site, with some 

proponents advocating that the highest activity occurred when two layers of Au atoms are 

deposited on a TiO2 surface.11,12 Others report that Au cations in the absence of metallic Au 

atoms also exhibit catalytic activity.13,14 Another model portrays the active site as an ensemble of 

metallic Au clusters with Au cations at the perimeters of such clusters.3,15 Although there is yet 

no direct 

evidence in support of this latter model, it was shown that metallic Au alone is insufficient for 

high catalytic activity.16,17 The most common method to prepare a highly active Au/TiO2 catalyst 

is by deposition-precipitation, in which most likely a [AuOx(OH)4-2x]n
- species is deposited on 

the support.18 In the earlier studies, the sample would be activated by calcination in air at 200-

400 °C. More recent reports indicated that more active catalysts can be obtained by activation in 

other gases and/or at lower temperatures.19,20 For example, Schumacher et al. reported that H2 

treatment at 200 °C yielded catalysts that were significantly more active than the calcined ones.20 

We observed that H2 reduction at 298 K is also an effective activation method. The CO oxidation 

activity of a catalyst activated with this procedure was 0.29 mol of CO (mol Au min)-1 at 195 K 

in a feed of 1% CO, 2.5% O2, and balance He. This rate was more than 3 times higher than that 

of the calcined Au/TiO2 catalyst distributed by the World Gold Council (Lot No. 02-4, 1.5 wt %, 

3.8 nm Au particle diameter) under the same conditions, which was 0.08 mol CO                     

(mol Au min)-1. Since it is possible to reduce a catalyst with H2 pulses at room temperature, 

thereby controlling the degree of reduction, we may be able to monitor the relationship among 

the average Au oxidation state, Au metal cluster size, and catalytic activity during the activation 

process. Alternatively, we could also perform reduction with CO at subambient temperatures for 

comparison. Here we report the investigation using these two activation methods. 



 54
3.3 Experimental Section 

3.3.1 Catalyst Preparation  

The Au/TiO2 catalyst was prepared by deposition-precipitation with HAuCl4 (Aldrich, 

99.999%) as the precursor and microrutile as the support (Sachtleben, approximately 200 m2 g-1). 

The HAuCl4 solution (0.014 M) was neutralized slowly with vigorous stirring to pH 7 at 70 °C 

with a NaOH solution and mixed with a TiO2 suspension that was kept at 35 °C. The resulting 

mixture was maintained at pH 7 at 35 °C for an hour. The mixture was filtered, and the solid was 

washed twice with room temperature deionized water and then once with 70 °C water. The solid 

was suction filtered and dried at room temperature. The resulting sample is referred to as the as-

prepared sample. The Au content was determined by X-ray fluorescence (XRF) to be 7.0 wt %. 

This sample was used for all experiments except the CO pulse reduction at 273 K. A 4 wt % 

sample prepared similarly was used there. 

 

3.3.2. H2 and CO Pulse Reduction 

In a typical experiment for H2 reduction, 0.1 g of as-prepared Au/TiO2 sample was placed 

in a fused silica, U-tube microreactor, supported between two layers of acid-washed quartz wool. 

The reactor was purged with Ar (Matheson, 99.999%) at a flow rate of 50 cm3 min-1. Any O2 

impurity in the Ar stream was removed with a MnO trap located immediately downstream of the 

mass flow controller. Hydrogen reduction was accomplished by injecting 0.5 cm3 pulses of pure 

H2 (Matheson, 99.999%) into the Ar stream. A molecular sieve trap was located downstream of 

the reactor to remove any water that might be produced during reduction. The consumption of H2 

was determined with a TCD detector in a HP 5890 gas chromatograph. For pulse reduction 

during X-ray absorption measurements, a pulse system similar to the one above was used 
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together with a flow-through sample cell for XAS and a N2 flow of 100 cm3 min-1. The pulse 

size was ca. 0.6 cm3 pure H2. CO pulse reduction at 273 K was conducted also in a U-tube 

microreactor, using 0.012 g of a 4 wt % Au/TiO2. After purging the reactor with 100 cm3 min-1 

of high purity He that was further purified with a reduced MnO2 trap to remove O2, 0.5 cm3 

pulses of 10% CO in He were passed over the catalyst, and the consumption of CO was 

monitored by a TCD detector. 

 

3.3.3 Catalytic Activity for CO Oxidation  

When desired, CO oxidation at 195 K was also conducted during H2 pulse reduction in 

the U-tube microreactor. After reducing a catalyst by a certain number of pulses, the catalyst was 

first cooled to 195 K using an acetone-dry ice bath while in an Ar gas flow. Then, the gas was 

switched to the reactant gas flow (1% CO, 2.5% O2 and balance He, 50 cm3 min-1) by a 

switching valve. The CO concentration in the effluent was continuously monitored by IR 

spectroscopy with a gas cell. After CO oxidation, the catalyst bed was purged with Ar for 

approximately 15 min at 195 K to remove CO and O2 before warming up to room temperature 

for subsequent H2 pulse reduction. This step is critical because we have shown previously that 

as-prepared Au/TiO2 catalyst can be rapidly reduced by the reaction mixture at room 

temperature.21 

 

3.3.4 X-ray Absorption Spectroscopy (XAS)  

XAS experiments were carried out at the bending magnet Beamline 5-BMD of the 

Dupont-Northwestern-Dow Collaborative Access team at the Advanced Photon Source at 

Argonne National Laboratory in Argonne, IL.19 Higher harmonics in the X-ray beam were 
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minimized by detuning the Si(111) monochromator by about 15% at the Au LIII edge (11.919 

keV). The spectra were collected in the transmission mode with use of a flow-through sample 

cell with Kapton windows. The cell consisted of two concentric cylinders with the inner cylinder 

only about half the length of the outer cylinder. Gas entered via the outer cylinder, swept through 

the region between the two cylinders, then passed through the inner cylinder before exiting the 

sample cell. Because of rather extensive backmixing of the gases, it took about 3 min for a 

complete (>99.5%) sweep of the gas in the cell. About 0.15 g of sample was used to make a self-

supporting pellet that was sandwiched between two nylon grids and placed at the end of the inner 

cylinder, near the center of the sample cell. All XAS data were collected during N2 purge at 

room temperature and the XAS measurement typically took 10-25 min depending on the type of 

scan. We have determined that the XAS measurements did not cause any detectable change in a 

sample, if the sample had not been previously reduced or reduced only slightly (<5%), i.e., 

consecutive scans showed no detectable differences. However, if the sample had been previously 

reduced by 5% or more, then the X-ray beam induced further reduction of the sample, as 

evidenced by a decrease in the near edge intensity in the consecutive XANES spectrum. Both the 

XANES and EXAFS data were analyzed by using standard procedures with the WINXAS97 

software. Phase shifts, backscattering amplitudes, and XANES references were obtained from 

reference compounds: Au2O3 for Au3+-O, and Au foil for Au0 and Au-Au. The XANES fits of 

the normalized spectra were made by a linear combination of experimental standards. The 

EXAFS coordination parameters were obtained by a least-squares fit in the k- and r-space of the 

isolated multiple-shell, k2-weighted Fourier transform data. 
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3.3.5 Transmission Electron Microscopy (TEM) and XPS  

TEM examination of Au/TiO2 samples was performed with a Hitachi HF-2000 TEM with 

a field emission gun at 200 keV. XPS of the catalysts was conducted in a Perkin-Elmer/PHI XPS 

system with Al Kα radiation (1486.6 eV), using a dual-anode X-ray source with spherical 

electron energy analyzer. The powder samples were mounted onto the sample holders with 

carbon tape. They were then placed in the outer chamber of the spectrometer and pumped to 

vacuum overnight. The spectra were collected with an anode voltage of 15 kV and an emission 

current of 20 mA. Different energy regions were scanned to obtain separate spectra for carbon, 

oxygen, titanium, and gold. The 1s binding energy for carbon, 284.7 eV, was used to correct for 

the shift in energy for all components due to electrostatic charging of the samples. 

 

3.3.6 Microcalorimetry 

Calorimetric measurements were performed with 0.1 g of catalyst in a Microscal flow 

microcalorimeter. At room temperature, 0.66 cm3 of pure H2 in a N2 carrier gas flow of 1 cm3 

min-1 was pulsed through the catalyst and the H2 consumption and heat evolved after each pulse 

were measured. 

 

3.3.7 In-Situ Infrared Spectroscopy  

Infrared spectroscopy (IR) was conducted in a stainless steel IR cell fitted with CaF2 

windows at subambient temperatures in a Nicolet Nexus 670 FTIR spectrometer. To achieve the 

desired temperature, the IR cell was brought into contact with a copper housing containing a 

liquid nitrogen and dry ice mixture. A self-supporting pellet was made by pressing 10 mg of as-

prepared sample mixed with an equal amount of anatase. A thermocouple, placed near the pellet,  
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Figure 3.1. H2 consumption at 298 K as a function of pulse sequence; 100 mg of a 7 wt % 
Au/TiO2 catalyst. 
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Figure 3.2. CO consumption at 273 K as a function of pulse sequence for 12 mg of a 4 wt % 
Au/TiO2 catalyst.  
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recorded the temperature of the gas immediately after passing through the pellet. The volume 

of the IR cell was about 6 cm3. Thus, the gas in the cell could be changed reasonably rapidly 

with a gas flow of 11 cm3 min-1. Reaction with this cell was conducted with 1% CO, 2.5% O2, 

and the balance He. The effluent gas of the IR cell was analyzed with a HP 6890 gas 

chromatograph.The spectra presented are referenced to the sample in He at the same 

temperature, with contributions from gaseous CO removed. 

 

3.4 Results 

3.4.1 H2 and CO Pulse Reduction  

The amounts of H2 consumed in each pulse in a microreactor experiment are plotted in 

Figure 3.1 as a function of the pulse sequence. Within uncertainty (± 0.1 μmol H2), there was no 

consumption of H2 in the first 10 pulses. Following this initial induction period, the consumption 

of H2 slowly increased in the next 5 pulses, and accelerated after that, reaching a maximum at 

pulse 26. H2 consumption in subsequent pulses decreased gradually, and approached a steady-

state value equivalent to about 0.2 μmol of H2 after pulse 50. The total amount of Au3+ that was 

reduced by the H2 pulses in the experiment was determined from the area under the curve up to 

pulse 58 in Figure 3.1, and found to be 6.8 Au wt %, which was in good agreement with the 7.0 

Au wt % determined by XRF. Figure 3.2 shows the CO consumption per pulse at 273 K as a 

function of the pulse sequence. The CO consumption showed a similar trend as for H2 

consumption. There was little uptake in the first few pulses before significant consumption 

commenced. 
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Figure 3.3. H2 consumption and heat evolved in calorimetry experiment as a function of pulse 
sequence. 
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Figure 3.4. Au (4f) binding energy of Au/TiO2 catalyst: (a) as-prepared sample, (b) sample fully 
reduced by H2 pulses, (c) sample reduced by H2 pulses to ca. 50% and (d) reference Au/TiO2 
catalyst (calcined) distributed by WGC.  
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3.4.2 Microcalorimetry  

The H2 consumption in the calorimetry experiment followed a similar trend when H2 

pulses were passed though the catalyst, as shown in Figure 3.3. The first H2 pulse did not yield 

measurable H2 consumption while the second pulse showed a significant increase in H2 

consumption, which eventually reached a maximum at the third pulse. The heat evolved from the 

reduction of the catalyst had an almost identical trend as the H2 consumption. The integral heat 

per mole of H2 consumed was calculated to be 400 ± 62 kJ/mol. This high value was consistent 

with reduction of Au3+ instead of adsorption of H2. For reference, the heat of formation of water 

at room temperature is -285.8 kJ/mol.  

 

3.4.3 XPS 

The oxidation state of Au on the surface of a sample that had been reduced by H2 pulse to ca. 

50% was determined with XPS. The sample was removed from the microreactor after 26 H2 

pulses. Figure 3.4 shows the spectrum obtained, together with those of an as-prepared and a 

completely reduced sample. In all samples, the characteristic doublets of Au 4f7/2 and 4f5/2 peaks 

were observed. The two peaks for the as-prepared catalyst were at 85.8 and 89.1 eV, which are 

similar to those reported on Au3+ compounds,9 while those of the fully reduced catalyst were at 

83.2 and 87.0 eV. The latter agree very well with those of the reference Au/TiO2 catalyst 

distributed by the World Gold Council (WGC). For the 50% reduced sample, the two peaks were 

broader, and the maxima appeared intermediate between the other two samples, which is in 

agreement with the expectation that a mixture of Au oxidation states was present. The oxidation 

state of the 50% reduced sample was independently determined by XAS measurement (data not  
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Figure 3.5. XANES spectra as a function of H2 pulse sequence.  
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Figure 3.6. Percentage of Au3+ reduced by each H2 pulse as a function of pulse sequence in the 
XAS experiment.  
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shown). With use of a linear combination of Au3+ and Au0 XANES spectra, the percentage of 

Au3+ reduced was determined to be 55%.  

 

3.4.4 XAS 

The reduction of Au3+ species by H2 pulses at 295 K was also monitored by XAS. Figure 

3.5 shows the XAS spectra as a function of pulse sequence. The spectrum of the as-prepared 

sample showed an intense white line at the Au LIII edge, typical of supported Au3+ species.19 

Within experimental uncertainties, the intensity of the white line remained unchanged for the  

first 5 pulses, and began to decrease afterward, indicating detectable reduction of Au3+ to Au0. 

By using a linear combination of XANES spectra of Au3+ and Au0 reference compounds, the 

percentage of Au3+ and Au0 in the sample was determined. The decrease in the percentage of 

Au3+ after each pulse is shown in Figure 3.6. The curve in Figure 3.6 showed a similar trend as 

Figure 3.1: an induction period followed by increasingly faster and then decreasing reduction 

rate.  

EXAFS analysis was carried out on this set of spectra. Figure 3.7 shows the magnitude of the 

Fourier transformed, k2-weighted χ function of selected EXAFS spectra in R-space. The 

positions corresponding to Au-O and Au-Au scatterings are indicated by arrows. The magnitude 

of transform due to the Au-O scattering barely decreased from pulse 1 to pulse 5, and then much 

more  rapidly,  particularly  between   pulse   8  and  14.  After  pulse  15, there  was  little  Au-O 

scattering. In contrast, there was little Au-Au scattering until pulse 9. The Au-Au scattering then 

increased, reaching a maximum value at pulse 16. At this point, assuming hemispherical 

particles, the coordination number (CN) of about 6 at pulse 16 corresponded to a particle of 

about 1.0 nm in diameter.22  



 67
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Magnitude of the Fourier transformed k2−χ function in R-space of Au/TiO2 after 
selected H2 pulse. The arrows indicate positions of Au−O and Au−Au scattering at 1.6 and 2.3 Å 
in R-space.  

 

 

 

 

 



 68
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Au-Au coordination number obtained by fitting the χ(k2) function (♦), fraction of 
Au3+ (×), and Au0 (○) obtained by XANES fit, and corrected Au−Au coordination number (■) 
obtained by dividing the Au−Au CN by the fraction of Au0, as a function of H2 pulse sequence. 
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The change in the Au-Au coordination number with pulse sequence is plotted in Figure 

3.8, along with the fractions of Au3+ and Au0 as determined by XANES. Since the Au-Au 

coordination arises from metallic Au clusters only, it is necessary to correct the magnitude of the 

Fourier transform by the fraction of metallic Au in the sample in order to obtain the accurate 

value for the metal clusters. If we assume that Au3+ and Au0 exist in separate phases, then the 

corrected Au-Au  CN  in  the  metallic portion of the sample can be estimated by dividing the CN  

by the fraction of metallic Au.23 These corrected values are plotted also in Figure 3.8. Except for 

pulses 9 and 10, where the uncertainties were large because of the small amounts of Au0 and low 

Fourier transform magnitudes, the corrected Au-Au CN was around 6 ± 0.5, possibly increasing 

from 5.5 to 6 with increasing extent of reduction. This suggests that the Au particles rapidly 

attained an average size of about 1.0 nm once they are formed, and grew slowly to about 1.5 nm 

when the sample was fully reduced. XAS parameters of selected pulses are shown in Table 3.1.  

 

Table 3.1. Fraction of Au3+ and Au0 Determined by XANES and Parameters of EXAFS 
Characterization.a 

 XANES  EXAFS 
 

pulse 
Au3+−O 
fraction 

Au0 

fraction 
  

scatter 
 

CN 
 

R, Å 
DWF 

(×10-3) 
 

E0 

corrected 
Au−Au CN 

0 1.0 0  Au−O 4.0 2.04 -0.9 0.7  
10 0.79 0.21  Au−O 3.8 2.04 1.0 1.0  

    Au−Au 0.5 2.74 3.0 -6.0 2.4 
13 0.32 0.68  Au−O 1.6 2.04 -2.2 0.5  

    Au−Au 3.7 2.74 3.0 -6.0 5.4 
16 0 1.0  Au−Au 6.2 2.75 3.4 -6.4 6.2 
24 0 1.0  Au−Au 6.1 2.76 3.0 -5.9 6.1 

a First shell coordination number (CN), bond distance (R), Debye-Waller factor (DWF) and inner 
potential correction (E0). Corrected Au−Au CN obtained by division of the Au−Au CN by the 
fraction of Au0.   
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Figure 3.9. TEM pictures of Au/TiO2 that were (top) approximately 50% reduced by H2 pulses 
and (bottom) completely reduced by H2 pulses. 
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Figure 3.10. CO conversion of Au/TiO2 catalyst at 20 min TOS as a function of Au3+ reduced by 
H2 pulse. Reaction conditions: 1% CO, 2.5% O2, balance He, 50 mL/min, 0.1 g catalyst, 195 K. 
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The Au−Au bond distance was 2.75 Å for particles with Au-Au CN of 6.0, which is shorter 

than the 2.88 Å for bulk Au. The shortening of Au−Au bond distance with smaller CN has been 

reported recently by Schwartz et al. for Au on titania-based supports24 and on alumina as well.23 

 

3.4.5 TEM 

TEM pictures of a Au/TiO2 sample that was approximately 50% reduced and one that 

was completely reduced are shown in Figure 3.9. Metallic Au particles in the range 1 to 3 nm are 

readily observable, but particles smaller than 1 nm could not be distinguished by this instrument. 

From the limited regions of the samples examined, no significant difference in the size 

distributions of the two samples could be observed. 

 

3.4.6 CO Oxidation at 195 K 

Due to the rapid reduction of Au cations in Au/TiO2 at room temperature in a CO 

oxidation reaction mixture,21 even in the presence of excess O2, it is necessary to measure the 

catalytic activity at 195 K to avoid rapid change of the sample. At this low temperature, we have 

determined by XAS that the degree of reduction of a sample changed little before and after the 

catalytic test. Thus, it is possible to measure the CO oxidation activity for samples reduced to 

different degrees by H2 pulses. In all cases, the activity declined by about 33% of its initial value 

with time on-stream before reaching a pseudo-steady-state after 20 min. This pseudo-steady 

activity versus the degree of reduction was plotted in Figure 3.10. It increased roughly linearly 

with  the  degree  of  reduction  until the catalyst was about 70% reduced (calculated from the H2 

consumption), reached  a  maximum  at  about 80%  reduction, and  remained constant or slightly  
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Figure 3.11. Infrared spectra of as-prepared Au/TiO2 under 10% CO and balance He at 213 K. 

 

 

 

 

 

 

Wavenumber (cm-1)

A
bs

or
ba

nc
e 



 74
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. CO conversion (a) and the normalized intensities of the composite IR band at 2105 
cm-1 (b) and at 2066 cm-1 (c) of an as-prepared Au/TiO2 catalyst as a function of time-on-stream 
at about 240 K. Reaction conditions: 1% CO, 2.5% O2, balance He, 11 mL/min, 10 mg of 
catalyst. 
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declined upon further reduction. The activity for the fully reduced sample corresponded to 

0.29 mol of CO (mol Au·min)-1.  

 

3.4.7 Infrared Spectroscopy 

Activation of the as-prepared catalyst by CO was studied at 213 K. The degree of 

reduction can be inferred from the intensity of the IR band around 2100 cm-1. A band at this 

frequency is characteristic of CO adsorbed on metallic Au and its frequency is coverage 

dependent.6 At 213 ± 7 K, the rate of reduction of Au3+ in the as-prepared sample was very slow 

under a reaction feed of CO and O2, and no adsorbed CO band at around 2100 cm-1 was observed 

after 65 min on stream. No reaction product was detected either. However, when a gas flow of 

10% CO in He (30 cm3 min-1) was used, reduction occurred as indicated by the appearance of 

this IR band, as shown in Figure 3.11. The intensity of the IR band was very small even after 47 

min on stream but subsequently increased rapidly.  The  band  was  rather broad and asymmetric, 

suggesting that it was a composite band.  

When another as-prepared catalyst (2.8 Au wt %) was activated at 240 ± 7 K with a 

reaction feed of CO and O2, oxidation activity appeared immediately, which increased together 

with an increase in the area of the IR band at around 2100 cm-1 up to 95 min on stream, as shown 

in Figures 3.12 and 3.13. A group of bands between 2300 and 2400 cm-1 also appeared, which 

were due to gas phase and adsorbed CO2. The broad band at ~2100 cm-1 could be deconvoluted 

into three peaks with peak maxima centered at 2115, 2102, and 2066 cm-1. They increased at 

approximately the same rate. Beyond 95 min, the CO conversion decreased slightly. At the same 

time, the total area of the 2100 cm-1 composite band increased slightly,  while  the 2115 and 2102  
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Figure 3.13. Time-on-stream behavior of IR spectra of Au/TiO2 under the following reaction 
conditions at about 240 K: 1% CO, 2.5% O2, balance He, 11 mL/min, 10 mg of catalyst. 
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Figure 3.14. Ratio of the area of 2066 cm-1 bands (A1) to the area of 2102 cm-1 bands (A2) as a 
function of partial pressure of CO. 
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cm-1  bands  remained  roughly  constant.  In  separate  experiments  where  we  activated  the 

as-prepared sample with H2 at room temperature and kept the sample from exposure to O2, CO 

adsorption generated only bands at 2102 and 2066 cm-1. The latter band intensity has a much 

stronger dependence on the CO pressure than the former one, as can be seen in Figure 3.14. 

Finally, the small band at 2164 cm-1 did not correlate with the activation process, and its 

presence varied from sample to sample. 

 

3.5 Discussion 

At the pH and Au precursor concentration used in the preparation of the catalyst here, Au exists 

as Au(OH)4
- in solution.23 This species and its partially dehydroxylated forms are present in our  

as-prepared sample, as both H2 consumption in the reduction experiment and XANES suggest 

that Au exists as Au3+. Exposure of an as-prepared sample to H2 at room temperature reduces the  

Au cations. Results from the H2 pulse consumption, XAS, and microcalorimetry are all 

consistent with the reduction process. By measuring the catalytic activity on samples reduced to 

different extents (Figure 3.10), it can be concluded that the conversion of AuOx(OH)4-2x
- to 

metallic Au is necessary for activity.  

The same conclusion applies to activation by CO. The appearance of catalytic activity at 

about 240 K is accompanied by the formation of the 2100 cm-1 composite IR band. In the 

presence of O2, this composite band is composed of three bands at 2115, 2102, and 2066 cm-1. If 

the sample is reduced by H2, CO adsorption only generates the 2102 and 2066 cm-1 bands. Thus, 

the 2115 cm-1 band is due to CO on Au that is associated with adsorbed oxygen, consistent with 

the observation by Boccuzzi et al.6 The 2102 cm-1 has been assigned to CO adsorbed on metallic 

Au particles.6 The assignment for the 2066 cm-1 band is not definitive. Boccuzzi et al.25 
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suggested that it may be the symmetric stretching mode of a Au(CO)2 species based on the 

similarity of the frequency to that species isolated in a matrix.26 The authors cautioned that the 

intense asymmetric stretching band observed in the matrix isolation study was completely absent 

on the supported Au catalyst. Our result, which shows that this band exhibits a stronger 

dependence on the CO pressure than the 2102 cm-1 band, is consistent with the dicarbonyl 

assignment.  

At near room temperature, reduction of Au3+ species by H2 or CO pulses is relatively 

slow initially, and there is no detectable reduction in the first couple of pulses (Figures 3.1 and 

3.2). In a flow containing CO, the rate of reduction is very slow at 195 K. In fact, it is slower 

than CO adsorption on metallic Au since a partially reduced sample can be used to catalyze CO 

oxidation for minutes without being further reduced by the reaction mixture. The initial reduction 

rate is higher at 213 K, but is still slow as an induction period is clearly observed for an as-

prepared sample (Figure 3.11). The initial reduction rate increases with increasing temperature 

(Figures 3.12 and 3.13), and becomes very rapid at room temperature.21 Reduction by CO 

probably involves first associative adsorption on a Au3+ ion and then it is reduced either by 

removing an oxygen ligand as CO2 or by reaction with a OH group to form a ydroxycarbonyl 

or a formate which then decomposes to CO2. In the literature, an IR band at 2164 cm-1 is ssigned 

to CO adsorbed on cationic Au3+ or Ti4+ ions.27 This band was observed in some of our samples, 

but its presence could not be correlated with the extent of reduction of the sample. Associative 

adsorption of CO would require displacement of another ligand from the Au cation, such as 

water, and its rate is expected to depend on temperature and partial pressure of CO. In contrast to 

CO, activation by H2 likely requires dissociative adsorption, which does not occur easily on a 

cation.  
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The induction period in the reduction of an as-prepared sample can be explained by 

two effects. First, adsorption and activation of the reductant (hydrogen or CO) on metallic Au are 

much more facile than on ionic Au. Second, Au cation species are mobile and move to metallic 

Au clusters where they are reduced readily by activated reductant. Thus, the initial rate of 

reduction is very low when the Au is ionic. The rate is substantially enhanced when the sample is 

partially reduced because facile activation of H2 or CO becomes possible by the presence of 

metallic Au. Rapid reduction continues until eventually, the rate is limited by the availability of 

Au cations. It should be mentioned that instead of migration of cationic Au species, migration of 

metallic Au clusters or Au atoms would have the same effect.  

Growth of the Au clusters is determined by the rate of formation of nucleation sites as 

well as the availability of AuOx(OH)4-2x
- species in the immediate vicinity of these nucleation 

sites. Both TEM and EXAFS results indicate that the metallic Au clusters grew rapidly to 1-3 nm 

in size. There were very few larger particles. Although the techniques we used could not exclude 

the existence of much smaller Au clusters, results of a preliminary investigation using the high-

resolution, Z-contrast technique in TEM that is capable of detecting isolated Au atoms, 

conducted by courtesy of Dr. Steven Pennycook, on selected regions of a fully reduced sample 

were consistent with the results reported here; that is, few isolated Au atoms or very small 

clusters were detected.  

In the EXAFS analyses of the coordination numbers, we assumed separate phases of Au3+ 

and Au0. This implied that reduction of Au3+ did not proceed via the core-shell model: a shell of 

Au0 covering a core of Au3+. This is consistent with the XPS results which showed about equal 

quantities of Au3+ and Au0 in the 50% reduced sample (Figure 3.4). For the core-shell model, 

one would expect a much higher intensity of Au0 peaks than Au3+ peaks. FTIR results discussed 
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earlier also supported this scenario. The intensity of the band for CO adsorbed on metallic Au 

increased with increasing extent of reduction (Figure 3.11).  

In this study, H2 pulse reduction was conducted using both the U-tube microreactor and 

the XAS sample cell. The faster reduction in the XAS cell could be due to the longer contact 

time of the sample with H2 in the XAS sample cell because of back-mixing of gases and the 

larger pulse size. Reduction by the X-ray beam may contribute to a small extent. We observed 

that exposure to the beam, while not affecting an as-prepared sample initially, caused a 

detectable increase in the extent of reduction in a partially reduced sample. This would shorten 

the induction period.  

In the H2 pulse activation experiment, the activity of the Au/TiO2 catalyst for CO 

oxidation at 195 K increased almost linearly with degree of reduction until about 70% reduction 

was reached (Figure 3.10). This is consistent with the picture discussed above regarding the rapid 

formation of small Au metal particles upon reduction. Up to 70% reduction, the major change in 

the sample is the increase in the number of these small metal particles, and thus the activity. 

Beyond 80% reduction, the increase in the number of particles is counter-balanced by increase in 

the particle size and changes in particle morphology, with a net result of a slight decrease in the 

overall activity. The latter is suggested by changes in the IR spectra. This scenario implies that 

not all surface metallic Au atoms are active for reaction, and we are investigating this possibility 

at present. 

 

3.6 Conclusions 

A more detailed picture of the activation of a Au/TiO2 catalyst by H2 pulse or CO 

reduction has emerged from this study. The process was found to begin with an induction period 
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when sites for nucleation and hydrogen activation or CO adsorption, consisting of reduced Au 

species, are formed that catalyze further reduction of cationic Au species on the support. 

Eventually, gold particles with an average diameter of 1 to 1.5 nm are obtained. The catalytic 

activity for CO oxidation at 195 K increases with the extent of reduction of the sample until a 

maximum activity per gram of Au/TiO2 samples is obtained at about 80% reduction, which 

suggests that metallic Au clusters are necessary for activity. Further reduction of the samples 

results in a slight decrease in catalytic activity, which was observed in both activation processes. 

In situ IR results suggest that the decrease is not accompanied by a decrease in the total adsorbed 

CO band intensity, suggesting that it might not be due to agglomeration of Au particles but 

changes in the Au morphology. 
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CHAPTER 4 

IN-SITU TRANSIENT FTIR AND XANES STUDIES OF THE EVOLUTION OF SURFACE 
SPECIES IN CO OXIDATION ON Au/TiO2 

 

4.1 Synopsis 

In the previous chapter, it was demonstrated that metallic gold is required for high 

catalytic activity, however it wasn’t clear what the role of the nanoparticles was in the reaction. 

Elucidating that, at least partially, is one of the main themes of this chapter.  

The adsorption of CO and its reaction with oxygen were investigated using a combination 

of in-situ Fourier transform infrared spectroscopy, step response measurements in a 

microreactor, 18O isotopic labeling and X-ray absorption near edge structure spectroscopy. An 

as-prepared sample in which Au is present as a surface oxyhydroxy complex does not adsorb 

CO. On an activated sample in which only metallic Au is detected, 0.18 ± 0.03 mol CO/(mol Au) 

are adsorbed on Au at -60 °C, which shows an IR band at 2090 cm-1. When oxygen is present in 

the gas phase, this species reacts with a turnover rate of 1.4 ± 0.2 mol CO (mol Au min)-1, which 

is close to the steady-state turnover rate. In contrast, there is a very small quantity of adsorbed 

oxygen on Au. A small IR peak at 1242 cm-1 appears when an activated sample is exposed to 

CO. It reacts rapidly with oxygen and is shifted to 1236 cm-1 if 18O is used. It is assigned to the 

possible intermediate hydroxycarbonyl. 

 

4.2. Introduction 

Nanosized Au particles catalyze oxidation of carbon monoxide at temperatures as low as 

-183 oC.1-3 The catalytic activity is enhanced by the presence of moisture4-9 and depends on the 
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method of preparation, the support10 and the presence of impurities (e.g., chloride).11 Different 

explanations for the exceptional activity of nanostructured gold have been proposed, which 

include the effect of the thickness of the metal particle on its electronic properties,12,13 the high 

density of defect sites,14,15 the existence of sites at the metal-support interface,7,8,16-18 Au 

cations19 or electron-rich Au.20 In the case of Au supported on TiO2 prepared by deposition-

precipitation from a neutralized chloroauric acid solution, reduction of cationic to metallic Au is 

required for the catalyst to be active, and, (as shown in Chapter 3), a correlation exists between 

activity and fraction of metallic gold in the catalyst.21  

Although there is much discussion on the nature of the active sites, there are far fewer 

investigations on the reaction mechanism. Most computational investigations of the reaction 

pathway consider reaction of adsorbed CO with adsorbed oxygen and the manner that adsorbed 

oxygen is activated.22-25 Experimental studies on gold supported on TiO2, Fe2O3, and nanosize 

Y2O3 and CeO2 26-31 and computational studies22-24 suggest that O2 does not dissociate to atomic 

oxygen on the Au surface. Instead, CO reacts with vicinally coadsorbed molecular oxygen22 or 

superoxide species at oxygen vacancy sites on the support.32 Hydroxycarbonyl has been 

proposed as a reaction intermediate,5,7,16 but this species has not been detected, although its 

viability has been suggested based on computational results.33  

There are some in situ spectroscopic investigations of the reaction. On Au/TiO2, a 

number of CO adsorbed species have been identified that have different reactivities, and their 

formation depends on the particular history of the catalyst and the temperature of reaction.3,34-38 

However, there was no quantitative determination of their surface coverages or reactivities. 

Results with transient isotope labeling showed that at 296 K on Au/γ-Al2O3 the surface coverage 

of the intermediate was 4.9%, which increased if water vapor was present in the feed gas.39 The 
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intrinsic turnover frequency (TOF) was 1.6 s-1, which also increased in the presence of water 

vapor. In view of the scarcity of information on the reaction mechanism, we have conducted an 

investigation, primarily using in situ Fourier transform infrared (FTIR) spectroscopy of the 

adsorbed species relevant to the reaction, and quantified the surface coverage of adsorbed CO 

and their reactivities. The results contribute to enhance our understanding of the reaction and 

should be useful for future computational and mechanistic investigations. 

 

4.3. Experimental 

4.3.1. Catalyst Preparation 

The Au/TiO2 catalyst was prepared by deposition-precipitation using HAuCl4 (Aldrich, 

99.999%) as the precursor and microrutile as the support (Sachtleben, 150 m2/g). A 0.010 M 

HAuCl4 solution, which was vigorously stirred for 1.5 h at pH 7 (by adjusting with NaOH) and 

70 oC, was added slowly to a suspension of TiO2 while maintaining the pH at 7 (by adjusting 

with diluted nitric acid). The resulting suspension was kept at 35 oC for 2 h with stirring. Then, 

the solid was suction-filtered and washed repeatedly with deionized distilled water until no 

chloride could be detected using Quantab (Hach) paper (<28 ppm). The catalyst was dried for 24 

h at room temperature and was labeled as-prepared catalyst. X-ray fluorescence (XRF) analysis 

indicated a loading of 4 wt % of Au with 90 ppm residual chloride. An activated sample was 

obtained by treating the as-prepared catalyst in 50 mL/min flowing H2 for 1 h at room 

temperature.  
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4.3.2. In-Situ FTIR Spectroscopy.  

FTIR data were collected at -60 oC in a Nicolet Nexus 670 FTIR spectrometer equipped 

with a mercury cadmium telluride (MCT) detector. The IR cell was comprised of a stainless steel 

cylinder of 6 cm3, fitted with CaF2 windows. Typically, a gas flow of 70 mL/min was used, 

which corresponded to an average residence time through the cell of ~ 5 s. The catalyst was 

loaded as a 20 mg wafer (φ =1.59 cm) covering an opening at the center of the cell by a fine 

tungsten mesh such that the reaction mixture flowed through the catalyst with minimal bypass. 

The latter was supported by the fact that results obtained from this reactor agreed with those 

from the U-tube microreactor. The temperature of reaction was monitored by a thermocouple 

located at the supporting mesh behind the catalyst. To achieve low temperature, the cell was in 

thermal contact with a copper housing cooled by liquid nitrogen, and the reaction gases were 

precooled before entering the cell. The temperature was controlled to within ± 2 oC. To prevent 

moisture condensation on the CaF2 windows, the cell was jacketed in a housing purged with 1.5 

L/min of dry N2. In situ IR spectra were acquired in the transmission mode with 15 s acquisition 

time per spectrum and a resolution of 4 cm-1.  

 

4.3.3. CO Adsorption.  

The CO adsorption capacity of a sample was determined by monitoring the breakthrough 

curve of a step input in a 3/8 in. o.d. U-tube fused silica microreactor. Approximately 300 mg of 

an as-prepared Au/TiO2, sandwiched between two slugs of clean quartz wool, was loaded into 

the microreactor. The sample was cooled to -60 ± 1 oC using a 2-propanol/dry ice bath. After the 

sample was purged with 70 mL/min He that was purified with a MnO trap, the gas was switched 

to 70 mL/min of 1% CO in He (sometimes also containing 2% Ar for internal calibration) using 
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a four-way switching valve. The concentration of CO leaving the reactor was monitored by a 

HP 5973 mass-selective detector at 1 s intervals. An identical CO profile was obtained by 

repeating the purging and CO exposure cycle. Subsequently, the sample was activated in 50 

mL/min flowing hydrogen at 0 oC for 1 h. Afterward, the sample was purged again in He at 25 

oC before cooling to -60 oC. At -60 oC, the gas was switched to 1% CO in He (sometimes with 

2% Ar), and the exit CO and Ar concentration profiles were recorded. For the second cycle of 

CO exposure, the sample was first purged in He at -60 oC for 30 min, before starting the 

CO/Ar/He flow.  

 

4.3.4. Oxidation of Adsorbed CO.  

The oxidation of adsorbed CO was studied with both in situ FTIR spectroscopy, in which 

the evolution of different surface species in the carbonyl region was followed, and microreactor 

experiments, in which evolution of products was determined by mass spectrometry at 1 s 

intervals and gas-phase FTIR spectroscopy at 12 s intervals. After an as-prepared sample at 0 oC 

was activated in flowing H2 for 60 min, the catalyst was cooled to -60 oC, and the following 

experimental sequence was followed: He purging (15 min), 1% CO flow (20 min), He purging 

(20 min), 1% CO flow (20 min), He purging (1.5 min), 2.5% (or other specified concentrations 

and 2% Ar) O2 flow (20 min), He purging (1.5 min), and finally 1% CO flow (20 min).  

For comparison, steady-state CO oxidation was also conducted. Approximately 100 mg 

of as-prepared Au/TiO2 catalyst was loaded into the microreactor, activated at 0 oC in flowing H2 

for 1 h (50 mL/min), purged in He at room temperature for 30 min, cooled to -60 oC, and then 

exposed to 30 mL/min of a mixture 1% CO and 2.5% O2 in He. The reaction products were 

monitored by gas-phase FTIR spectroscopy.  
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4.3.5. Isotopic Exchange.  

18O2 (Cambridge Isotope Laboratories, 95%) labeling experiments were conducted using 

in situ FTIR spectroscopy. A 30 mg wafer of as-prepared catalyst was used, and the experiments 

consisted of the steps below, carried out at -60 oC and using a constant flow rate of 50 mL/min: 

H2 activation (60 min, 0 oC), He purging (20 min), 1% CO + 2.5% 16O2 flow (20 min), He 

purging (60 min), 1% CO flow (10 min), He purging (1 min), 2.5% 16O2 flow (10 min), He 

purging (20 min), 1% CO flow (10 min), 1% CO + 2.5% 18O2 flow (4 min), He purging (60 

min), 1% CO flow (20 min), He purging (1 min), and 2.5% 18O2 flow (10 min).  

 

4.3.6. In-Situ XANES.  

X-ray absorption near edge structure (XANES) experiments at the Au LIII edge (11.919 

keV) were carried out at the bending magnet beamline 5-BMD of the DuPont-Northwestern-

Dow Collaborative Access Team (DND-CAT) at the Advanced Photon Source (APS) at Argonne 

National Laboratory, following the procedure described previously.21 A flow-through sample cell 

was used, and the exit gas was analyzed by gas chromatography. Because of rather extensive 

back-mixing of the gases, it took about 3 min for a complete (>99.5%) sweep of the gas in the 

cell. About 150 mg of sample was used to make a self-supporting pellet that was sandwiched 

between two nylon grids and placed at the end of the inner cylinder, near the center of the cell. 

Transient experiments were performed at -65 oC, and the XANES data were analyzed by 

standard procedures with the WINXAS97 program. The normalized spectra were fitted with a 

linear combination of experimental standards for Au3+-O (Au2O3) and Au-Au (Au foil). 
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Figure 4.1. Mass spectra of breakthrough curves of CO (m/e = 28) for 1% CO flowing through 
(a) as-prepared catalyst, (b) H2-activated catalyst with no previous exposure to CO, and (c) H2-
activated catalyst previously exposed to CO and followed by 30 min of He purging. 
Experimental conditions: catalyst = 300 mg (4% Au), flow rate = 70 mL/min, T = -60 oC. 
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Figure 4.2. (A) Changes in FTIR spectra of activated Au/TiO2 that had been exposed to 1% CO 
as a function of purging time in He at -60 oC. (B) Corresponding changes in the peak intensity. 
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4.4. Results 

4.4.1. CO Adsorption.  

Preliminary experiments showed that there was no adsorption of CO on an as-prepared sample at 

-60 oC. There was no detectable adsorbed CO band at around 2100 cm-1 in the IR experiments, 

and the CO breakthrough curve was the same as for Ar in the U-tube microreactor flow 

experiments (Figure 4.1, curve a).  

However, a H2 pretreated sample adsorbed CO readily, such that the breakthrough curve 

in the microreactor flow experiment was delayed relative to the breakthrough curve for Ar 

(Figure 4.1, curve b). From the time difference between these two breakthrough curves, the 

concentration of CO (1%), and gas flow rate, the quantity of adsorbed CO could be estimated to 

be 10.6 ± 2 μmol in this experiment, which corresponded to 0.18 ± 0.03 mol CO/(mol Au) in the 

sample. It  should  be  pointed  out  that  the  spike  at  about  0.8  min  was an artifact in the mass  

spectrometer signal due to switching of gases. It appeared for all gases and even in the absence 

of a sample, and its magnitude was nearly constant. Therefore, it was removed from the data in 

the analyses. 

A similar experiment conducted in the IR cell showed the appearance of an intense 

asymmetric absorption band at around 2090 cm-1 that attained a constant intensity within 60 s 

and could be deconvoluted into two bands at 2091 and 2066   cm-1. Multiple bands in the 1200-

1700 cm-1 carbonate/bicarbonate region also appeared.  

Purging in He at -60 oC removed part of the adsorbed CO rather rapidly, as indicated by 

the decrease in the intensity of the 2090 cm-1 band (Figure 4.2A). At the same time, the peak 

maximum shifted to 2101 cm-1. The change in the absorbance at the peak maximum with purging 

time is shown in Figure 4.2B. Assuming a  constant  absorbance  for  the  species that constituted  
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Figure 4.3. (A) Changes in the IR peak at around 2100 cm-1 after switching to a flow of 2.5% O2 
and (B) corresponding changes in the peak intensity (curve b) and intensity of the adsorbed CO2 
peak (2340 cm-1, curve a). 
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Figure 4.4. Evolution of the FTIR spectra of a catalyst after the gas was switched from 1% CO to 
a mixture 1% CO and 2.5% O2 in He. Gas-phase CO has been subtracted from the spectra. 
Experimental conditions: catalyst = 10 mg, flow rate = 70 mL/min, T = -60 oC. 
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this peak, this curve also represented the change in the coverage of adsorbed CO. Thus, about 

half of the adsorbed CO was desorbed in less than 5 min. The remaining CO was desorbed 

slowly,  and  about  25%  remained  after  40  min.  The  total  desorption  curve  could  be  fitted 

reasonably well with two exponential decay terms with rate constants of 0.168 and 1.15 min-1 for 

the slow and the fast process, respectively. The corresponding preexponential constants were 

0.126 and 0.067, implying a relative coverage of 2:1 for the slow and fast processes. The slow 

desorption at long times was consistent with results from the microreactor experiments. After 30 

min of He purging, ~73 ppm of CO was detected in the exit gas, and the background level 

measured at the beginning of the experiment was typically 40-76 ppm of CO. 

After 30 min of He purging, exposure of the sample to a 1% CO flow again resulted in a 

breakthrough curve that was delayed but by a shorter time (Figure 4.1, curve c). It was estimated 

that for this second cycle of  exposure  the  amount  of  CO  adsorbed  by  the sample was 5.3 ± 1 

μmol (or 0.09 ± 0.02 mol/(mol Au)). Infrared spectroscopy also showed readsorption of CO and 

the reappearance of the asymmetric 2090 cm-1 band to the same intensity. In fact, we repeated 

the desorption and readsorption cycle of these CO species three times and obtained similar 

results. The decrease in the CO uptake in subsequent cycles compared to the first cycle was due 

to incomplete CO desorption after 30 min of purging. The bands in the carbonate/ 

bicarbonate region also increased, but the change in the second cycle was much less (about 20%) 

than that for the freshly activated sample. 

 

4.4.2. Reaction of Adsorbed CO.  

Figure 4.3A shows the IR spectra of the reaction of adsorbed CO with O2. A freshly 

activated sample (that had not been exposed to oxygen previously) was first exposed to 1% CO  
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Figure 4.5. Evolution of FTIR spectra when an O2-saturated catalyst was exposed to a flow of 
1% CO in He. Gas-phase CO has been subtracted from the spectra. Experimental conditions: 
catalyst = 10 mg, flow rate = 70 mL/min, T = -60 oC. 
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Figure 4.6. (A) Time-dependent concentration at the exit of CO (×), O2 (♦) and CO2 (○) in the 
reaction of preadsorbed CO with flowing O2. After being purged with He for 1.5 min to remove 
gas-phase CO, O2 was admitted. (B) Expanded plot of part A at around 2 min after switching to 
O2 flow. 
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at -60 oC and then purged with He (see Experimental Section for details). Then, the gas was 

switched to 2.5% O2. The intensity of the 2090 cm-1 band decreased very rapidly in the first 1 

min,  and  a  new  band  appeared  at 2112 cm-1. The intensity of this new band increased initially 

and then decreased slowly until it disappeared after 60 min. A band at about 2340 cm-1 due to 

adsorbed CO2 also appeared. Its intensity increased and then decreased rather rapidly, as shown 

in Figure 4.3B, curve a. The intensity of the carbonate/bicarbonate bands in the 1200-1700 cm-1 

region nearly doubled. Further increase was much more moderate in repeating cycles of CO and 

O2 exposures. 

The intensity of this carbonate/bicarbonate region could be brought to a nearly steady 

state by using the sample for catalytic CO oxidation with 1% CO and 2.5% O2 at -60 oC. In a 

flow of this reaction mixture, a constant intensity of the overlapping bands at 2112 and 2090   

cm-1 as well as of the adsorbed CO2 band at about 2340 cm-1 could be obtained beyond about 20 

min (Figure 4.4).  

A complementary set of experiments to investigate the reaction of adsorbed oxygen with 

CO was conducted, and the results are shown in Figure 4.5. A sample, after being in flowing 

2.5% O2 at the end of the experiment shown in Figure 4.3 and then purged in He for 1.5 min, was 

exposed to a flow of 1% CO. The resulting set of IR spectra was almost reverse to those of 

Figure 4.3. When the CO was admitted to the IR cell, the residual band at 2112 cm-1 increased in 

intensity, and immediately afterward, the band at 2090 cm-1 appeared, which became dominant 

by 1 min. Simultaneously, the band of adsorbed CO2 at about 2340 cm-1 appeared briefly at 

around 1 min. 

The results of these experiments using a microreactor are shown in Figures 4.6 and 4.7. A 

sample that  was  exposed to  a flow  of 1% CO  was purged  with He  for  1.5  min.  The  mass  
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Figure 4.7. CO2 generated by reaction of adsorbed CO with O2 (●) and adsorbed oxygen with 
CO (▲), as a function of the purging time in He prior to the admission of O2 or CO, respectively. 
Dashed lines are extrapolation of experimental data to zero purging time. Experimental 
conditions: catalyst = 300 mg, flow rate = 70 mL/min,  T = -60 oC. 
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Figure 4. 8. (A) Time-dependent concentration of CO (×), O2 (♦), and CO2 (○) in the reaction of 
preadsorbed O2 with flowing CO. After 1.5 min of He flow to remove gas-phase O2, the gas was 
switched to CO. (B) Expanded version of part A at about 2 min. 
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spectrum CO signal decreased rapidly to the background level within 0.5 min. After being 

purged, the gas was switched to 2.5% O2; both CO2 and oxygen signals appeared simultaneously 

at the reactor exit (Figure 4.6A). The CO2 intensity increased rapidly to a maximum in less than 

1 min after its first appearance and decreased slowly over the next 8 min. The area under this 

curve, which corresponded to the amount of CO2 detected, decreased slowly with increasing He 

purging time, due to desorption of adsorbed CO. By quantification of the dependence of CO2 

produced with He purging time and extrapolation of the data to zero purging time, an amount of 

7.3 ± 0.7 μmol of CO2 (or 0.12 ± 0.01 mol CO2/(mol Au)) was found to be produced from 

adsorbed CO equilibrated with 1% CO in the gas (Figure 4.7). 

The breakthrough curve for O2 depended on its concentration between 2.5% and 0.1%. It 

appeared later for lower concentrations, due to the fact that it took longer to supply the same 

amount of O2 molecules to react with a certain number of adsorbed CO molecules. Interestingly, 

the appearance of CO2 always coincided with the appearance of breakthrough O2, although the 

total amount of CO2 detected remained rather constant. From the delay in the breakthrough curve 

of the 0.1% O2 experiment, an estimated 4.6 ± 0.5 μmol of O2 (or 0.08 ± 0.01 mol O2/(mol Au)) 

was consumed by reaction and adsorption on the catalyst. 

After the reaction of adsorbed CO with 30 min of flowing O2, the sample, now containing 

adsorbed oxygen and some unreacted adsorbed CO (as indicated by the intensity of the 2112 cm-

1 band being 10-15% of total adsorbed CO), was used to examine the reaction of adsorbed 

oxygen with flowing CO. Thus, after 1.5 min of purging in He, the gas was switched to 1% CO. 

As shown in Figure 4.8, CO2 was detected, breaking through at the same time as CO. The CO2 

production rate reached a maximum between 1.5 and 2 min after switching and then decreased 

slowly. Again, the amount of CO2 detected decreased slightly with increasing He purging time.  
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Figure 4.9. Comparison of the CO2 evolution profiles for a catalyst pretreated with 1% CO and 
then exposed to flowing O2 (▲), and a catalyst pretreated with 2.5% O2 and then exposed to 
flowing CO (○). Experimental conditions: catalyst used = 300 mg, flow rate = 70 mL/min, T = -
60 oC. 
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Figure 4.10. (A) Changes in the 1100-1350 cm-1 region of the IR spectrum with time after 
switching the gas flowing to a fresh H2-activated catalyst to 1% CO and (B) after a sample 
previously used for reaction using 1% CO and 2.5% 18O2 was exposed to 1% CO. 
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By extrapolation of the results to zero purging time, a value of  9.9 ± 1.5 μmol of CO2 (0.17 

± 0.02  mol CO2/(mol Au))  was   found  to  be  produced  from  adsorbed  oxygen  (Figure 4.7). 

In addition, from the breakthrough curve of CO, an estimated 9.6 ± 1 μmol  of CO (0.16 mol 

CO/(mol Au)) was consumed by reaction with adsorbed oxygen and subsequent adsorption on 

Au within the first minute. 

The CO2 evolution curve from reaction of CO with adsorbed oxygen differed from 

reaction of oxygen with adsorbed CO, as shown in Figure 4.9. Specifically, the CO2 was evolved 

noticeably slower in the former experiment, although a fraction of the CO2 was evolved rapidly 

in both cases. 

 

4.4.3. Isotope Labeling Experiments.  

Experiments were conducted to detect the possible presence of hydroxycarbonyl, which 

is expected to exhibit a vibrational band in the 1200-1300 cm-1 region.33 An as-prepared sample, 

freshly activated with H2 in the IR sample cell, was exposed to a stream of 1% CO at -60 oC. 

Multiple peaks in the 1200-1700 cm-1 region appeared (not shown). Of particular interest was the 

appearance of a peak at 1242 cm-1 (Figure 4.10A). The intensity of this peak increased with time 

of exposure to CO before reaching a maximum and decreased slightly upon purging the sample 

with He. It disappeared rather quickly when the sample was exposed to 2.5% O2 at -60 oC 

(Figure 4.11A). At the same time, transient production of CO2 (2345 cm-1 peak) was observed. 

The changes in these peak intensities with time are shown in Figure 4.12A. 

This 1242 cm-1 peak could not be detected if the sample was at steady state with a 

reaction mixture (1% CO and 2.5% O2). An attempt to determine if the species responsible for 

this peak contains oxygen atoms was made using 18O labeling. The catalyst surface was first  
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Figure 4.11. Changes in the IR spectrum (A) after switching to 2.5% 16O2, of the sample 
corresponding to Figure 10A, and (B) after switching to 2.5% 18O2, of the sample corresponding 
to Figure 10B. The reference spectra were those just before O2 admission. 
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Figure 4.12. Changes in intensities of (A) the 1242 cm-1 peak after switching to 16O2 (■) and the 
corresponding transient appearance of carbon dioxide C16O2 (●) and (B) the 1236 cm-1 peak and 
the corresponding transient appearance of C16O16O (○), C16O18O (●), and C18O18O (×) after 
switching to 18O2. 
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populated with 18O by running a steady state reaction at -60 oC using a mixture of 1% CO 

and 2.5% 18O2 for 4 min. After being purged with He subsequently, the sample was exposed to a 

flow of 1% CO. A peak at 1236 cm-1 appeared instead of the 1242 cm-1 peak (Figure 4.10B). 

This peak also disappeared rather rapidly when the sample was exposed to 2.5% 18O2 (Figure 

4.11B). The transient production of CO2 now consisted of a mixture of C16O2 (2345 cm-1 peak), 

C16O18O (2328 cm-1 peak), and C18O2 (2314 cm-1 peak). The changes in these peak intensities 

with time are shown in Figure 4.12B. 

 

4.4.4. In Situ XANES Measurements.  

The XANES spectrum of a H2-activated sample resembled that of metallic Au.21 When 

the sample was exposed to 1% CO, there was a small increase in the edge absorption (Figure 

4.13A). The edge absorption decreased slowly by purging in He and returned to the state prior to 

exposure to CO in about 40 min. If the sample was purged with 2.5% O2 instead of He, then the 

decrease in the edge absorption was faster, and the edge absorption returned to the initial state 

within 13 min (Figure 4.13B). There was no substantial structural change due to treatment in CO 

or O2, compared to He. For instance, the Au-Au coordination numbers determined by extended 

X-ray absorption fine structure (EXAFS) analysis were (±0.2) 8.4, 8.6, and 8.9 when the sample 

was in He, CO, and O2, respectively. 

 

4.5. Discussion 

The combination of IR spectroscopy and quantitative determination of adsorption and 

reaction of adsorbed species generated information about the CO oxidation reaction pathway  
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Figure 4.13. Changes in the in situ XANES spectra of a fully reduced Au/TiO2 catalyst that was 
equilibrated with 1% CO, during purging with (A) He or (B) 2.5% O2. The insets are the entire 
XANES spectra. Experimental conditions: catalyst = 100 mg, flow rate = 100 mL/min, T = -65 
oC. 
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over Au/TiO2 and, specifically, the role of various adsorbed CO species and identification of 

a possible reaction intermediate signified by the 1242 cm-1 peak.  

There was no adsorption of CO on an as-prepared sample, which is consistent with the 

fact that the Au precursor is present as an oxyhydroxy complex on the support and catalytically 

inactive. The catalyst can be activated by treatment in H2 at room temperature to reduce the Au 

cation to Au0,21 and the activated sample adsorbs CO readily. Similar to the observations by 

Boccuzzi et al.,2,3,40 at room temperature, the IR peak of the adsorbed CO is asymmetric (Figure 

4.2), which might indicate surface heterogeneity. The peak shifts to a higher frequency with 

decreasing coverage (Figure 4.2A), as was observed by others.40,41 In the literature, this has been 

interpreted as due to decreasing σ-donation from adsorbed CO to the metal on increasing 

coverage. Results from the microreactor measurements show that about 18% of the Au in the 

catalyst adsorbs CO (Table 4.1, footnote). Since the average Au particle size is 2 nm,21 about 

50% of the atoms in the Au particles are exposed. Hence, only 36% of the surface Au adsorbs 

CO at -60 oC.  

 

Table 4.1. Quantities of various species on Au/TiO2
a  

Quantity (mole/mole Au)b Species 

2.5% O2 0.6% O2 0.1% O2 
CO consumed by reaction with adsorbed O2 
and subsequent adsorption on Auc 

0.16 ± 0.01 0.15 ± 0.01 0.14 ± 0.01 

O2 consumed by reaction with adsorbed CO 
and subsequent adsorption on catalystc 

0.06 ± 0.01 0.06 ± 0.01 0.08 ± 0.01 

CO2 formed by reaction of CO with 
adsorbed O2 

0.13 ± 0.01 0.13 ± 0.01 0.13 ± 0.02 

CO2 formed by reaction of O2 with 
adsorbed CO 

0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.02 

a In all experiments, 1% CO was used. The amount of CO adsorbed on a clean Au surface (one 
never exposed to CO or O2) was 0.18 ± 0.03 mol/(mol Au). b Data reported for 2.5% and 0.6% 
O2 corresponds to 1.5 min of He purging. For 0.1% O2, it corresponds to 0.5 min of He purging. c 
From delays in the breakthrough curves.   
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When this adsorbed CO is exposed to 2.5% O2, the IR results show that a portion of it 

reacts rapidly (Figure 4.3A). At the same time, a new peak appears at 2112 cm-1. This new 

species is rather unreactive and disappears slowly in the flow of oxygen. It has been assigned to 

an OC−Auδ+−Oδ- species.3,36 The same species has been proposed to be a very unstable 

intermediate that decomposes to CO2 during CO oxidation in the presence of water.6 Under our 

conditions, however, its slow rate of disappearance suggests that it is unimportant in our 

reaction. 

The portion of adsorbed CO that reacts rapidly with O2 can be estimated by the changes 

in the 2090 cm-1 peak. Assuming identical extinction coefficients for all adsorbed CO, the 

change in the surface coverage of CO after O2 exposure is shown in Figure 4.3B, curve b. After 

correction for the portion due to desorption using the data in Figure 4.2B and application of the 

absolute coverage of 0.18 ± 0.03 mol/(mol Au), it is estimated that the adsorbed CO reacts with a 

turnover rate (TOR) of 1.4 ± 0.2 mol CO (mol Au min)-1 at -60 oC. The steady-state TOR at this 

temperature, using 1% CO and 2.5% O2, is 1.2 ± 0.1 mol CO (mol Au min)-1. That these values 

are similar suggest that the 2090 cm-1 adsorbed CO is responsible for steady-state reactivity. The 

simultaneous evolution of CO2 when this species reacts with O2 further supports this assignment 

(Figure 4.3B). Under the steady-state reaction conditions, the surface coverage of this species is 

almost as high as in the adsorption experiment (Figure 4.4), which is consistent with similar 

TORs obtained in both cases. It is present together with the much less reactive species at 2112 

cm-1 (Figure 4.4). 

The less reactive, 2112 cm-1 species can also react with oxygen but at a slower rate. The 

reaction of this species and readsorption of CO2 on TiO2 result in CO2 evolution extending 
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beyond 20 min (Figure 4.9). When all CO2 evolved up to 20 min is collected, the total 

amount, 0.12 mol/(mol Au) (Figure 4.7), approaches the total adsorbed CO (Table 4.1). 

After the catalyst has been under flowing oxygen for over 4 min, there is little 2090 cm-1 

species left. However, there could be adsorbed oxygen that is catalytically active. When this 

sample is exposed to flowing CO, transient formation of CO2 is observed (Figure 4.5), and from 

the breakthrough curve of CO, a total of 0.14-0.16 mol CO/(mol Au) was consumed by reaction 

and subsequent adsorption on Au within the first 2 min (Table 4.1). Since about 0.18 ± 0.03 

mol/(mol Au) is due to adsorption (or 0.14 ± 0.05 after correcting for the portion of the surface 

occupied by the remaining 2112 cm-1 species), the result implies that only a small amount of CO 

reacted with adsorbed oxygen. In other words, there is only a small amount of adsorbed oxygen 

on the Au.   

It should be noted that the entries in the first two rows in Table 4.1 are determined from 

delays in the breakthrough curves in the microreactor transient experiments. Thus, they represent 

quantities due to the fast processes (within the first 2-3 min). Quantities due to slower processes 

are not determined in these experiments. 

The much lower surface density of adsorbed oxygen than that of adsorbed CO is 

consistent with the XANES results (Figure 4.13). In comparison to a clean Au sample, the 

intensity of the near edge absorption peak is stronger in a 1% CO atmosphere than in 2.5% O2, 

when the intensity is indistinguishable from a clean Au sample. The increase in edge intensity by 

adsorbed CO implies electron transfer from Au to adsorbed CO, consistent with the red shift in 

the CO stretching frequency compared with that of gas-phase CO. 

The small amount of adsorbed oxygen on Au, however, appears to contradict the amount 

of CO2 detected. As shown in Table 4.1, 0.13 mol CO2/(mol Au) is detected when CO passes 
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over a sample preexposed to 2.5% O2. If CO2 can only be formed from adsorbed oxygen on 

Au (and there is little residual gaseous oxygen in the reactor), then one should expect an amount 

no more than the difference between the quantity of CO adsorbed and the total CO consumed, 

i.e., close to the uncertainty of the measurements (about 0.03 mol CO2/(mol Au)). We believe 

that the much larger amount of CO2 detected is because there is an additional slow process in 

which CO2 is formed by reaction with another form of adsorbed oxygen. We postulate that there 

is a small quantity of very active oxygen adsorbed on Au, which reacts with CO with a TOF of 

the order of 1 min-1. However, there are other reactive oxygen species, possibly adsorbed on 

TiO2 near the Au particles, which either can migrate to and react with CO on Au (therefore at a 

slower observed rate) or react directly but more slowly on the support such that, as mentioned 

earlier, they cannot be readily detected by the delay in the breakthrough curve. Boccuzzi et al. 

also postulated another source of oxygen from the support, in addition to that on Au.34 That this 

oxygen on the support reacts more slowly is indicated by the slower and longer decay curve of 

the detected CO2 at the reactor exit (Figure 4.9) when CO reacts with adsorbed oxygen than in 

the reverse experiment of O2 reacting with adsorbed CO. This difference also suggests that the 

slow evolution of CO2 is not entirely due to readsorption of formed CO2 on the support. There 

are suggestions in the literature that oxygen is activated on vacancy sites on the support during 

steady-state reaction.26-28,32 Our results suggest that such oxygen species, though capable of 

oxidizing CO either directly or after migration to Au, do not contribute much to the steady state 

reaction rate under our conditions because of their slow reaction rate. 

Regarding potential surface reaction intermediates, adsorption of CO also produces a 

peak at 1242 cm-1, which is shifted to 1236 cm-1 when 18O was used (Figure 4.10). When the 

sample is exposed to O2, this peak disappears rapidly (Figure 4.11), unlike other peaks in this 
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region also formed at the same time and increasing in intensity, which we assign to 

carbonate/bicarbonate. In one of the proposed reaction mechanisms in the literature, adsorbed 

CO is inserted into a surface hydroxyl to form a hydroxycarbonyl. The hydroxycarbonyl is 

oxidized to bicarbonate, which decomposes rapidly to CO2 and regenerates the surface 

hydroxyl.7,8 A density functional theory (DFT) calculation of hydroxycarbonyl on Au(110) 

surfaces indicates that such a species should have a normal vibrational mode δOH at 1245 cm-1.33 

In addition, theoretical calculations conducted by us using a model molecular species of 

HO(CO)M (M = heavy element) show a red shift of  ~5 cm-1 due to isotopic substitution of  

16OH by 18OH. We observed a shift of 6 cm-1. Thus, we assign the 1242 cm-1 peak to a surface 

hydroxycarbonyl. In the presence of CO but absence of oxygen, hydroxycarbonyl accumulates 

on the surface because no oxygen is available to oxidize it. When oxygen is admitted, it is 

oxidized rapidly, and CO2 is evolved. If 18OH populates the surface and insertion of C16O forms 

H18O(C16O)-M, then oxidation of this species with 18O would result in a surface bicarbonate 

HC18O2
16O-M in the first reaction cycle. When this bicarbonate decomposes, the expected 

product would be a mixture of C18O2 and C18O16O but no C16O2. If, for some unknown reasons, 

the oxygen atoms in the surface bicarbonate or hydroxycarbonyl species scrambled randomly, 

then the product would be a mixture of C18O2, C18O16O, and C16O2 in a ratio of 4:4:1. We 

observed less C18O2 and much more C16O2 than predicted by either of these scenarios. We 

believe that this is due to rapid isotopic scrambling of the product CO2 with surface carbonate, 

which greatly reduces the 18O content in the observed CO2. 
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4.6. Conclusions 

The combined results from IR, microreactor, and XANES studies offer a consistent 

picture regarding the CO oxidation reaction on Au/TiO2. On this catalyst, the active CO species 

is adsorbed on metallic Au and exhibits an IR peak at 2090   cm-1. Other adsorbed CO species, 

such as the species at 2112 cm-1, do not contribute much to the reaction at steady state. While 

metallic Au adsorbs CO readily, it does not adsorb much oxygen, but the adsorbed oxygen is 

catalytically very active. There are other adsorbed oxygen species that oxidize CO but only 

slowly and probably do not contribute much to the steady-state activity. Finally, there is evidence 

that hydroxycarbonyl is a relevant reaction intermediate for this reaction. 
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CHAPTER 5 

SYNTHESIS AND CHARACTERIZATION OF SILOXANE NANOCAGES 

 

5.1 Synopsis 

This chapter presents the work performed to synthesize and characterize siloxane 

nanocages previously developed in our group.1 While the main steps used to prepare them 

paralleled those previously reported,1 several modifications to the original protocol were 

implemented in order to facilitate the purification of reactants and products, increase the yield of 

several chemicals involved in the synthesis, enhance reproducibility and ultimately, reduce the 

time required to produce clean and fully deprotected nanocages. Siloxane nanocages were 

prepared in four major steps: (i) self-assembly of silicon surfactant into 2nm micelles, (ii) 

hydrolysis and condensation of the surfactant’s head groups, (iii) cross-linking of unreacted 

groups at the surface to form a porous shell with spherical symmetry enveloping the surfactant’s 

hydrophobic tails and (iv) deprotection of internal carbamate groups with the subsequent 

generation of primary amine functionalities at the interior. Since the surfactant used in step (i) is 

not commercially available, it had to be prepared and purified in advance, as discussed in section 

5.2. Steps (i)-(iii) are considered in section 5.3, whereas section 5.4 describes step (iv). Chemical 

probes, 1H-NMR and dynamic light scattering (DLS) were used to provide a detailed account of 

the most important aspects of the synthesis. Other standard techniques such as thin layer 

chromatography (TLC), column chromatography and dialysis were also employed. The chapter 

ends with a description of the purification and quantification of the amine groups inside the 

nanocages.                 



 115
5.2 Synthesis and purification of silicon surfactant 

5.2.1 Synthesis of surfactant  

 The raw material used to prepare the siloxane nanocages was the silicon surfactant 3-

(triethoxysilyl) propyl-cetylcarbamate, containing a hydrolysable head and a carbamate group 

that can be transformed to a primary amine in subsequent steps (see Scheme 5.1). To prepare the 

surfactant, 42 mmol of 3-aminopropyltriethoxysilane (Aldrich, 99%) were dissolved in 100 mL 

of ice-cold anhydrous ether (Aldrich, 99.7%), along with 40 mmol of triethylamine (Acros, 

99.7%, 0.06% H2O) dried with molecular sieve 3A. The mixture was allowed to homogenize for 

30 min, before 40 mmol of cetylchloroformate (TCI America, 95%) were added in a dropwise 

manner at 13 mL/h with a syringe pump. Temperature was kept at 0 oC until all the 

cetylchloroformate was added; after that, it was raised to RT while the reaction mixture was 

stirred at 400 rpm. Stirring continued for 5 more hours, in order to bring the reaction to 

completion. Triethylamine (TEA) was used to trap the HCl generated, which could prematurely 

hydrolyze the surfactant’s head group. A description of both reactions is shown in Scheme 5.1. 

After the reaction finished, the solvent was evaporated under vacuum at RT using a 

Schlenk line. The solid product containing a mixture of silicon surfactant and the hydrochloric 

quaternary salt of TEA, was re-suspended in 70 mL of dry hexanes plus 40 mL of dry 

chloroform; after 30 min of stirring, the solvent was evaporated under vacuum and the dry solid 

stored under N2. 

 

5.2.2 Purification of the surfactant 

Efforts were made to purify the surfactant by extraction as reported by Suh et al.,1 

performing successive washes with acidic and salty water. According to proton NMR, extraction  
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Scheme 5.1 
Synthesis of the silicon surfactant used to prepare siloxane nanocages. As HCl is generated by 
the reaction, TEA in solution traps it forming a quaternary salt.  
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work the surfactant was purified in a different way. The impure solid was re-suspended in 

150 mL of dry hexanes in order to dissolve only the surfactant. A milky suspension was formed, 

in which the white quaternary salt (Et)3NH+Cl-  was insoluble. After stirring for 1.5 h, the 

suspension was allowed to settle for additional 1.5 h, separating into a white solid and a clear 

supernatant liquid. The supernatant liquid was transferred to a dry Schlenk flask, using a syringe 

filter (Anotop, 0.2 μm). Although 1H-NMR analysis of  the  material  dissolved  in  the  

supernatant liquid indicated  that  it consisted of pure surfactant, thin layer chromatography 

(TLC) showed that it contained traces of (Et)3NH+Cl-  (see Scheme 5.2). TLC analysis is highly  

 

Scheme 5.2 
Purification of silicon surfactant contaminated with traces of (Et)3NH+Cl- by thin layer 
chromatography. The fourth plate shows that elution of the impure surfactant through a bed of 
silica gel, completely removes the quaternary salt.   
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Figure 5.1. Proton NMR of (a) an as-prepared surfactant containing an equivalent amount of 
(Et)3NH+Cl- and (b) a surfactant purified by elution through a silica gel bed, using a mixture of 
hexanes/ethyl acetate (5/1).  Spectra acquired at RT in CDCl3 at 499.5 MHz.      
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sensitive to amine traces when a ninhydrin/ethanol solution is used to develop the plates; 

ninhydring reacts at 200 oC with tertiary amines or their quaternary salts, generating a dark 

brown product easily detected by eye. Any attempts to prepare the nanocage using the surfactant 

contaminated traces of salt failed, suggesting that high purity is a necessary condition for 

successful nanocage synthesis. Exploratory tests using thin layer chromatography (TLC) showed 

that the surfactant could be completely separated from (Et)3NH+Cl- by elution with a mixture of 

hexanes/ethyl acetate in a 5/1 ratio. Since the surfactant is never in contact with water, there is no 

formation of hydrolysis sub-products. Scheme 5.2 shows the results obtained in these tests. 

Implementation of the purification method at a larger scale was carried out using a bed of silica 

gel (Aldrich, 220-400 mesh, 60 Å) in a filtration funnel. Initially, the silica gel was wetted with 

the eluent (hexanes/ethyl acetate, 5/1); then the solution containing the impure surfactant was 

loaded dropwise using a Pasteur pipette. Subsequently, about 20 mL of eluent were carefully 

added. After that, vacuum was admitted forcing the eluent through the bed, while dragging the 

pure surfactant from the surface. Then more eluent was added followed by suction to drag the 

surfactant further towards the bottom. The procedure was repeated until all the surfactant was 

recovered. As the TLC experiments demonstrate, the elution process removes only the 

surfactant, leaving the quaternary salt trapped in the silica gel. Since formation of hydrolysis by-

products was suppressed, very pure surfactant was easily obtained by this method. Figure 5.1 

shows proton NMR spectra of the surfactant before and after purification. The pure surfactant 

(from now called silicon surfactant) was dried under vacuum at RT and stored in nitrogen for 

further use. 
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5.3 Preparation of protected nanocages 

The synthesis of protected nanocages (PN) started with the dissolution of silicon 

surfactant in 32 mL of ethanol (Aldrich, 200 proof) to form a 5 mM solution. Once in ethanol, 

the surfactant self-organized into micelles with sizes distributed around 2.3 nm, as indicated by 

the dynamic light (DLS) results in Figure 5.2(a). Control experiments using colloidal gold with a 

nominal size of 3.5 nm (Aldrich) as determined by TEM, indicated that the hydrodynamic 

diameter observed by DLS was about 0.75 the diameter obtained by TEM. Thus, a correction 

factor of 1/0.75 was applied to the particle size determined by DLS. The micelles formed by the 

silicon surfactant display two very important features: (i) the hydrolysable head groups are  

 
 
Scheme 5.3 
Silicon surfactant self-assembly in ethanol, into 2 ± 0.3 nm micelles. The carbamante groups at 
the interior are used to generate primary amine groups in subsequent steps. 
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Figure 5.2. DLS data corresponding to various stages during the preparation of siloxane 
nanocages. (a) micelles generated by dissolution of silicon surfactant in anhydrous ethanol, (b) 
12 h after treatment of the micelles with 20% pH=1 solution in ethanol, (c) after dilution with 
ethanol followed by H2O/ethanol (80/20) and (d) after cross-linking and capping with 
(MeO)2(Me)2Si and (MeO)(Me)3Si, respectively. Since the observed scattering intensity is 
proportional to the sixth power of the diameter, particles bigger than 10 nm represent less than 
0.05% of the population in solution.  
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Figure 5.3. 1H-NMR acquired at different stages during the preparation of protected nanocages in 
CD3OD. (a) Micelles generated by dissolution of silicon surfactant in CD3OD, (b) 1 h after 
addition of acidic D2O (pH=1) in CD3OD (20% D2O), (c) after dilution with CD3OD followed 
by D2O/CD3OD (80/20), (d) after cross-linking with (MeO)2(Me)2Si, (e) after capping with 
(MeO)(Me)3Si and (f) after evaporation at -5 oC to remove excess cross-linking and capping 
agents. EA is residual ethyl acetate. Spectra acquired at RT at 499.5 MHz.  
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located at the external surface and (ii) the long hydrophobic tail directs the carbamate group 

towards the interior (see Scheme 5.3). As it will be discussed later, this carbamate acts as the 

precursor of amine groups that are located at interior of the nanocage.    

Subsequently, the micelles were treated with 32 mL of solution that was 80% ethanol and 

20% HCl/H2O (pH=1), added with a syringe pump at a rate of 10 mL/h. After the addition of the 

acidic solution ended, the mixture was stirred at 400 rpm for 12 more hours. Addition of the  

 

Scheme 5.4 
Representation of the hydrolysis and condensation processes occurring by addition of acidic 
alcohol to a solution of micelles. As observed, only partial condensation of head groups occurs.  
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acidic alcohol induced hydrolysis of the ethoxy groups at the surfactant’s head within one 

hour, as indicated by the disappearance of the ethoxy peaks and the concomitant formation of 

ethanol in the 1H-NMR  spectra of  the solutions (Figure 5.3 (a) and (b)).  During  the  remaining  

11  hours, condensation took place, generating particles with a size distribution centered about 

4.1 nm (Figure 5.2(b)). Since condensation generated clusters of a size larger than expected if 

isolated micelles  had  condensed (~ 2nm),  based  on  the  size  of  the surfactant tail, further 

dilution wascarried out in order to break the clusters. This was performed by addition of 32 mL  

 

Scheme 5.5 
Cross-linking and condensation occurring after slow addition of Me2Si(OMe)2 and Me3Si(OMe) 
to a solution micelles with fully hydrolyzed and partially condensed head groups.   
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of ethanol with a syringe pump at a rate of 40 mL/h, followed by addition of 32 mL of a 

solution H2O/ethanol (80/20) at a rate of 20 mL/h. DLS  data collected  after  dilution,  indicated  

that this treatment effectively broke the bigger clusters, as only particles of about 1.7 ± 0.3 nm 

were observed (Figures 5.2(c) and 5.3(c)). The fact that the particles are smaller than 2.3 nm, 

suggest that not all the silanol groups underwent condensation. A representation of the process 

occurring after the addition of acid, based on the NMR and DLS observations, is shown in 

Scheme 5.4.  

 Partial condensation left some silanols unreacted, which were used to fully develop the 

shell enclosing the hydrophobic tails. This was achieved by addition of 32 mL of a 5mM solution 

of the cross-linking agent dimethyldimethoxysilane in ethanol, at 2 mL/h, using a syringe pump; 

slow addition was necessary to keep the reactant highly diluted in order to reduce self 

condensation.  Subsequently, 32 mL of  a  5 mM  solution  of trimethylmethoxysilane in ethanol  

was added at the same rate (2 mL/h) using a syringe pump, in order to fully cap any possible 

unreacted silanol remaining. This last step was essential to prevent agglomeration during water 

removal, prior to carbamate deprotection (see below). Figures 5.2(d) and 5.3(d-e) illustrate the 

DLS and proton NMR of the material after cross-linking and capping, while Scheme 5.5 

illustrates the reactions taking place.   

NMR and DLS characterization of the cross-linked and capped material, here referred to 

as protected nanocage, indicated that it was stable for 6 months, tolerating multiple evaporations 

and re-suspension in several solvents without agglomeration or disintegration. A typical proton 

NMR spectrum of the protected nanocage is shown in Figure 5.3(f). The peak at ~ 0.1 ppm 

represents the methyl groups incorporated by reaction with the cross-linking and capping agents. 

Its small relative value, suggests that most of the surface silanol groups reacted during     
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Scheme 5.6 
Reaction of protected nanocage with TMSI generates propylamine functionalities at the interior 
of the nanocage.1,2   
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condensation. As shown in Fig 5.2(d), the protected nanocage also had a very uniform size of 

2.3 ± 0.3 nm. This material constituted the precursor from which the siloxane (hollow) 

nanocages were generated by chemical breaking of the internal carbamate groups with TMSI.    

 

5.4 Generation of nanocage with internal amine groups by carbamate deprotection 

The protected nanocage was treated with trimethylsilyl-iodide (TMSI) to regenerate the 

propylamine groups converted to carbamate during the synthesis of the surfactant (Scheme 

5.6).1,2 20 mL of protected nanocage solution was transferred with a syringe filter (Anotop, 0.2 

μm) to a Schlenk flask and dried under vacuum at  -10 oC. Once dry, traces of water were 

removed by evaporation at 0 oC and then at RT. Water removal  is  crucial  as it  reacts  with the  

TMSI   required  for  deprotection.  The  dry  protected  nanocage  was loaded  into  a glove  box 

where it was redissolved in 120 mL of anhydrous toluene. To this solution, 22 μL of 

trimethylsilyl-chloride were added in order to eliminate traces of water. An addition of 22 μL of 

trimethylsilyl-iodide followed, which was done under complete absence of light. The sealed flask 

was taken out of the glove box and allowed to react for 40 h at 40 oC under darkness. The post-

reaction treatment included evaporation of 90% of the solvent under vacuum at RT, followed by 

addition of 110 mL of dry toluene.  This procedure was repeated three more times. Subsequently, 

the solvent was completely evaporated at 0 oC. Decomposition of the silylcarbamate (Scheme 

5.6) was accomplished by addition of 80 mL of dry methanol to the solid left after evaporation. 

After deprotection, the nanocage was completely soluble in methanol, ethanol or toluene. DLS 

acquired in methanol indicated that the deprotected nanocage had a hydrodynamic diameter of 

2.3 nm (Figure 5.4). The nanocage was partially characterized and purified as described below.  
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Figure 5.4. DLS of nanocage after deprotection with TMSI. Data acquired in methanol at RT. 
Since the observed scattering intensity is proportional to the sixth power of the diameter, 
particles bigger than 10 nm correspond to less than 0.05% of the population in solution.  
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5.5 Characterization and purification of siloxane nanocages 

5.5.1 Quantification of internal amine functionalities 

 The extent of carbamate deprotection achieved by treatment with TMSI was determined 

using the ninhydrin reaction, as described in Chapter 2, section 2.3.3. A calibration curve was 

first   developed   using   the  model  compound  3-aminopropylmethylbis(trimethyl-siloxy)silane 

(APMBTSS), due to its similarity to the amine groups inside the nanocage. Then the deprotected 

nanocage was tested and the concentration of the chromophore generated compared with the 

calibration curve. Since there was a 1:1 correlation between the concentrations of primary amine 

and the chromophore generated, quantification was straight forward. It was found that in all 

cases, the level of deprotection achieved was superior to 95%. For control purposes, a protected 

nanocage which was not treated with TMSI was also reacted with ninhydrin; in this case, the test 

gave negative results, as expected for a material containing carbamate groups instead of primary 

amine. Only the protected nanocage that was exposed to TMSI under the conditions described 

above contained primary amine groups at its interior.  

 The deprotection of the internal carbamate groups generated hexadecyliodide chains that 

were trapped at the nanocages’s interior (Scheme 5.6). These residual chains had to be removed 

before the nanocage could be used.  

 

5.5.2 Dialysis  

 Purification of the deprotected nanocage by dialysis in methanol very effectively 

removed the alkyliodide fragments at its interior, while allowing recovery of more than 50 % of 

the original nanocage. Other purification techniques were attempted, including sedimentation 

and centrifugation in chloroform; however, in both cases the recovery was very poor. As  
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Figure 5.5. Comparison of the UV-VIS spectra for the deprotected nanocage before and after 
dialysis. Both samples contain equivalent amounts of nanocage, as established by the ninhydrin 
test.  
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illustrated by Figure 5.5, a just deprotected nanocage absorbs very strongly in a wide range 

of the UV-VIS spectrum, consequence the impurities at its interior. These impurities are 

removed after 4 days of dialysis using a regenerated cellulose membrane (500 Da). For a 

dialyzed deprotected nanocage, only the absorption due to primary amine is seen in the UV-VIS 

(Figure 5.5).  The ninhydrin  reaction  was   also   used  to  determine  the  degree  of  recovery  

of  the  deprotected nanocage after dialysis. The results indicated that recovery using a new 

dialysis membrane was about 50%, but a membrane used twice allowed around 70% recovery.   

 

5.6 Summary 

 Siloxane nanocages have been synthesized, using a modification of the protocol reported 

by Suh et al.1 Initially a silicon surfactant was prepared and purified by elution though silica gel. 

Then the nanocages were prepared in four steps: (i) self-assembly of silicon surfactant into 2nm 

micelles, (ii) hydrolysis and condensation of the surfactant’s head groups, (iii) cross-linking of 

unreacted groups at the micelles’ surface generating a porous network with spherical symmetry 

and (iv) deprotection of internal carbamate groups forming primary amine groups at the 

nanocage’s interior. The deprotected nanocages had a hydrodynamic diameter of 2.3 nm; usually 

more than 95% of the carbamate groups at the nanocages’ interior were transformed into primary 

amine groups by treatment with TMSI.    
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CHAPTER 6 

NANOCONFINEMENT EFFECT ON THE BINDING OF GOLD BY PRIMARY AMINE 
INSIDE SILOXANE NANOCAGES 

 

6.1 Synopsis 

Some key properties of the novel siloxane nanocage described in the previous Chapter, 

including its protonation response to variations in the external pH, were investigated using Au3+ 

in methanol as a probe. Characterization was carried out following the binding of the gold cation 

to the amine groups inside the nanocage, by a combination of XANES, EXAFS, UV-VIS and 

cyclic voltammetry. UV-VIS quantification was performed using the LMCT band at 227 nm 

characteristic of Au(OH)xCl4-x species in methanol and water, whose intensity was correlated 

with the overall Au-Cl coordination number. A remarkable reduction of the Brønsted basicity of 

propylamine groups within the nanocage, consequence of their nano-confinement, was observed 

(the protonation constant dropped five orders of magnitude). As a result, the nanocage formed 

complexes with Au3+ at a pH five units lower than an equivalent isolated amine in solution. The 

stoichiometry of the complex generated was determined by the total amine/gold ratio in solution. 

When amine/gold ≤ 1, only 1:1 complexes formed. For higher ratios, the nanocage acted as a 

chelating ligand forming multiple Au-N bonds per gold. These observations suggest that 

propylamine groups tethered to the internal surface of the nanocage posses high flexibility, easily 

adjusting to the spatial constraints imposed by gold upon multiple binding. Adsorption of Au3+ 

inside the nanocage also occurred under excess chloride (2600-fold with respect to Au3+). It was 

determined that all the Au3+ inside the nanocage was chemically bound the amine groups; 

therefore, the maximum gold load inside the nanocage corresponds to complete formation of a 

1:1 complex.    
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6.2 Introduction 

Designing highly selective and active materials remains one of the main goals of catalytic 

technology. Engineering such catalysts requires atomic-length-scale control of the composition, 

structure and location of active sites. It would be desirable to locate those sites at well known 

positions inside a cavity able to change its configuration to facilitate the access of specific 

reactants to the active sites and the discharge of the products, as done by enzymes.1-4 If in 

addition, the active sites are highly packed as to permit only certain favorable configurations, 

then additional advantages in terms of stereoselectivity could be obtained.5-8 Cages exhibiting 

size/shape selectivity, with immobilized metal cations or metallic nanoparticles as active centers, 

have been amply used in heterogeneous catalysis.9-14 Examples exist of zeolites that have been 

modified with sulfoxides or metal cations, enabling them to perform asymmetric catalysis.15 

Other materials containing cavities have been developed and used as nanoreactors to synthesize 

catalytic nanoparticles,16-20 semiconductors21-23 and for controlled drug release.24 Similarly, our 

group has reported the synthesis of 2nm cages, possessing an atom-thick, porous and covalently 

cross-linked shell.25 These nanocages contain propylamine functional groups affixed to the  

interior shell surface, which have been shown to have catalytic activity.25 It is our interest to 

continue exploring the properties of these cages as catalysts, binding centers for metal ions and 

nanoreactors for the synthesis of metallic and metal oxide clusters. Here we investigate the 

chemical properties of the internal amines using their complexation with Au3+ as a handle. In 

particular, we report on the effect of confinement at the nanoscale on the Brønsted basicity of the 

amine groups and the advantages this confers to the nanocage as a ligand. The results 

complement other properties already reported for the nanocage25 and serve as the starting point 

for the investigation of its properties as a nanoreactor and catalyst.  
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6.3 Experimental 

6.3.1 Synthesis of amine-functionalized nanocages  

Shell cross-linked siloxane nanocages internally functionalized with propylamine groups, 

were synthesized as described in Chapter 5.25 Initially, (triethoxysilyl)propylcetylcarbamate was 

dissolved in ethanol (5mM) forming micelles of ~ 2nm. Then, the siloxy headgroups were acid-

hydrolyzed and cross-linked in several steps using dimethyl-dimethoxy silane. Unreacted 

silanols were subsequently capped with trimethyl-methoxy silane. The resulting 2nm globular 

structures consisted of a cross-linked siloxane shell wrapping propyl-cetylcarbamate tails fixed 

to the shell wall; this material will be referred to as “protected nanocage” (PN). Treatment of 

PN with iodotrimethylsilane at 40 oC, followed by reaction with methanol at RT promoted the 

cleavage of 95-100% of internal carbamate groups (see Chapter 5); purification by dialysis in 

methanol to remove the fragments resulting from carbamate breaking, yielded a cage-like 

material of ~ 2nm with propylamine functionalities tethered to the interior walls. This material 

will be referred to as “Deprotected nanocage” (DN) or simply “nanocage”. The nanocage is 

stable in different solvents and exhibits size selectivity allowing only molecules smaller than ~ 

5Å to diffuse inside.25 Quantification of primary amine functionalities inside the nanocage was 

performed by the Ninhydrin reaction (Chapter 2).25,26  

 

6.3.2 Cyclic Voltammetry  

Data were collected with a CHI 900 Electrochemical Scanning Microscope (CH 

Instruments Inc.) in a one-compartment cell using a glassy carbon working electrode 

(diameter=3mm), a platinum wire counter electrode and a Ag/AgCl reference electrode. Before 

carrying out a measurement, N2 was flowed through the solution for 10 minutes at a rate of 2 
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mL/min using a stainless steel needle. NaCl or NaClO4 (Aldrich, ≥ 98.0 %) at a concentration 

of 0.1 M were used as supporting electrolytes in methanol/water (4.4% H2O) and methanol 

(0.1% H2O) solutions, respectively. The working electrode was scanned at 0.1V/s. Additional 

details on the experimental set-up are provided in Chapter 2.  

 

6.3.3 XANES and EXAFS data acquisition and analysis 

  X-ray absorption Spectroscopy (XAS) experiments were carried out at the bending 

magnet Beamline 5-BMD of the Dupont-Northwestern-Dow Collaborative Access Team (DND-

CAT) at the Advanced Photon Source at Argonne National laboratory. The Si(111) 

monocromator was detuned by 30% at the Au LIII edge (11919 eV) to minimize harmonics. The 

spectra were collected in the fluorescence mode, from solutions contained in polyethylene 

cylindrical cells (diameter=1 cm, volume=1 cm3) sealed with Parafilm M (Alcan, Inc.). The 

cell’s flat surfaces were oriented at 45o with respect to the detector. All XAS data were collected 

at room temperature, 60-90 min after sample preparation. Each measurement typically took 30-

45 min depending on the type of scan. Phase shifts, backscattering amplitudes, and XANES 

references were obtained experimentally from reference compounds: AuCl3 (Aldrich, 99.99+%) 

for Au(III)–Cl, Au(OH)3 (Aldrich) for Au(III)–O, Pt(NH3)4(NO3)2 (Aldrich, 99.995%) for 

Au(III)-N and Au foil for Au0 and Au–Au. Both the XANES and EXAFS data were analyzed by 

standard procedures using the WINXAS97 software.27 Linear combinations of experimental 

standards were used to fit the XANES portion of normalized spectra. The EXAFS coordination 

parameters were obtained by a least squares fit in the r-space of the isolated nearest neighbor k2-

weighted Fourier transform. The data were also fit with both k1- and k3-weightings in the r-space, 

as well as k2-weighting in the k-space, with similar results. 
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6.3.4 Solvolysis of HAuCl4 

X-ray absorption spectroscopy and UV-VIS were used to study the solvolysis of AuCl4
- 

species in water and methanol. UV-VIS absorption spectra were recorded on a Spectronic 

Genesys 2 spectrometer. The optical path length was 1.0 or 0.1 cm and deionized water or 

methanol was used as reference. UV-VIS data were collected for: (i) twenty samples of 72 μM 

HAuCl4 (Aldrich, 99.9% HAuCl4·3H2O) in water in the 2.8-11.6 pH range; (ii) four samples of 

426 μM HAuCl4 in water in the 2.8-11.6 pH range; (iii) four samples of 72 μM HAuCl4 in 

methanol/water (3.7% H2O) in the 3.5-7.6 pH range; (iv) four samples of 72 μM HAuCl4 in 

anhydrous methanol (Aldrich, H2O < 0.002%) in the 3.5-7.6 pH range; (v) three samples of 430 

μM HAuCl4 in anhydrous methanol in the 3.5-7.6 pH range. For the set of samples (i-iii), NaCl 

was added so that the Cl-/Au3+ ratio was 1070. For samples (iv-v) the same Cl-/Au3+ ratio was 

achieved by addition of LiCl (Aldrich, anhydrous 99.998%). pH was adjusted using NaOH/H2O 

or NaOH/methanol solutions; in the later case, NaOH was dried for 1 hour under vacuum at RT 

prior to preparation of the solution. The reported pH for solutions in methanol corresponds to the 

measured pH of an equivalent solution in water. pH was determined with an Oakton pHTestr 10 

meter regularly calibrated using buffers of pH=4.0, 7.0 and 10. Blank solutions (without gold) of 

the same pH and Cl- content as those in (i-v) were prepared and their spectra used to correct for 

free chloride absorption at low wavelengths.  

XAS data were recorded for six samples of 430 μM HAuCl4 in anhydrous methanol in 

the 2.9-7.6 pH range, at Cl-/Au3+=1070 (by addition of LiCl). Stock solutions of HAuCl4, LiCl 

and NaOH (dried under vacuum) in anhydrous methanol were prepared in a nitrogen atmosphere 

and stored in a drierite-containing desiccator. HAuCl4 stock solutions were stored in darkened 

containers.   
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6.3.5 Reactions of Au3+and the nanocage at various pH 

Typically, a concentrated solution of HAuCl4 was added to a nanocage/methanol mixture, 

so that the final ratio R-NH2/Au3+ was 1.1. The pH of the solutions was adjusted by addition of 

HCl/methanol (33.0 mM) or NaOH/methanol (14.0 mM). Reactions were carried out in the 

absence of light, under stirring at 400-500 rpm.  

Reaction of 42 μM HAuCl4 and the nanocage was investigated by cyclic voltammetry at 

pH=4.6, 7.1 and 7.4. During the experiment, the current generated by reduction of Au(OH)4-xClx
 - 

species in solution was recorded with time. As control, a nanocage-free solution of gold (42μM 

Au(OH)4-xClx
-) and a mixture Au3+/PN equivalent to Au3+/nanocage, were analyzed at pH=7.4.  

UV-VIS spectroscopy was used to follow the reaction of 72μM HAuCl4 and DN with 

time at different pH in the range 3.5-7.6. For comparison, the experiments were repeated 

replacing DN by 3-aminopropylmethylbis(trimethyl-siloxy)silane (APMBTSS), which provided 

a less restricted environment for gold binding (Scheme 6.1). In this case, the pH range was 

extended to 9.8. Control experiments were conducted to measure the progress of AuCl4
- 

solvolysis in the absence of DN and APMBTSS.  

X-ray absorption spectroscopy was used to study the reaction of 430 μM HAuCl4 and DN 

in anhydrous methanol, at pH=3.5-5.4. Experiments using APMBTSS were also carried out at 

pH=4.7-10.9. Data was acquired in the presence (Cl-/Au3+=1070) and absence (Cl-/Au3+=4) of 

excess chloride. 
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Figure 6.1. (A) Au XANES for AuCl4
- in anhydrous methanol at (—) pH=2.9, (···) pH=6.0 and  

(---) pH=7.6. (B) Corresponding distribution of gold into different species in solution. 
[Au3+]=430 μM, Cl-/Au3+=1070. 
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6.3.6 DN titration by Au3+ 

Ten independent solutions of DN (containing a total of 42 μM of primary amine) and 

variable amounts of HAuCl4 were analyzed, covering the range Au3+/R-NH2=0.0-1.9. Cyclic 

voltammograms were acquired after 90 min of reaction under darkness at 500 rpm and pH=7.4. 

The supporting electrolyte and solvent were 0.1 M NaCl and methanol/water (4.4% H2O) 

respectively. 

 

6.3.7 Reaction of Au3+and DN at various R-NH2/Au ratios 

Seven solutions of 72 μM HAuCl4 and variable amounts of DN in methanol spanning the 

range (R-NH2)/Au3+=0.0-4.0, were studied by UV-VIS spectroscopy, 6 and 90 min after mixing. 

Reaction took place under darkness at 400 rpm, 25 oC and pH=4.9. Solutions containing 430 μM 

HAuCl4 and variable amounts of DN (R-NH2/Au3+=2.1 and 4.3) were characterized by EXAFS 

at pH=4.0-4.2. Samples of 430 μM HAuCl4 and APMBTSS (R-NH2/Au3+=0.0-4.1) were also 

analyzed. Additionally, a mixture of 430 μM HAuCl4 and APMBTSS (R-NH2/Au3+=104,         

Cl-/Au3+=1070) was also studied.   

 

6.4 Results 

6.4.1 Solvolysis of HAuCl4 

HAuCl4·3H2O was dissolved in anhydrous methanol (H2O < 0.002%) in order to study 

the solvolysis of the complex at increasing pH (no water added). Figure 6.1A illustrates the 

XANES spectra of three selected solutions 90 min after pH adjustment. As observed, there was 

no major  difference  between  the  traces  at  pH  2.9  and  6.0,  but  a significant reduction in the  
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Figure 6.2. (A) Magnitude and imaginary component of the Fourier transformed EXAFS (k2, 
Δk=3.37-12.3 Å-1) for AuCl4

- in anhydrous methanol at (—,—) pH=2.9, (···) pH=6.0 and         

(---,---) pH=7.6. Peak positions are uncorrected for phase-shift. (B) Comparison between 
XANES- and EXAFS-derived Au-Cl coordination numbers. [Au3+]=430 μM, Cl-/Au3+=1070. 
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intensity at the edge occurred at pH=7.6. XANES fitting considering Au-Cl, Au-O and     

Au-Au convoluted components, gave the distribution of species in solution showed in Figure 

6.1B. Since the feature appearing immediately after the white line (Figure 6.1A) progressively 

disappears as Au-Cl is replaced for Au-O, it was possible to quantify the fraction of Au-O in the 

sample. Between pH=2.9 and 6.0, gold was present as Au3+ bound to chloride, although a very 

small fraction of Au-O bonds was detected. At pH=7.6, Au3+ was partially reduced to Au0 under 

the beam. It is known that increasing pH promotes Cl- replacement from AuCl4
- by OH-.28 Thus, 

although no AuClx(OH)4-x
 species were observed, the formation of zerovalent gold at high pH 

suggests the role of oxygen-contaning Au3+ as an important precursor for Au0. EXAFS results 

were in line with XANES (Figure 6.2A); when pH increased from 6.0 to 7.6, the magnitude of 

the Fourier transform for the Au-Cl shell dropped by ~ 25%. On the other hand, the magnitude 

was fairly constant in the pH=2.9-6.0 range. Since gold existed in solution either as AuCl4
- or a 

combination with Au0, the Au-Cl coordination number (CN) for each solution was readily 

determined. These values are compared to Au-Cl coordination numbers derived from EXAFS in 

Figure 6.2B. Table 6.1 summarizes the EXAFS parameters obtained.  

 
Table 6.1. EXAFS fit parameters for AuCl4

- solutions in anhydrous methanol (k2, Δk=3.37-12.3 
Å-1; 430 μM Au3+, Cl-/Au3+=1070) 

pH XANES 
CN 

Fraction 
Au3+-Cl 

Fraction 
Au3+-O 

Fraction 
Au0 

Scattering 
path 

EXAFS 
CN 

R (Å) 
(±0.01) 

DWF 
(×10-3) 

Eo 
(eV) 

2.9 3.96 0.99 0.01 0 Au-Cl 4.04 2.28 -0.6 0 

3.5 3.92 0.98 0.02 0 Au-Cl 4.02 2.27 -0.8 -0.5 

4.1 3.88 0.97 0.03 0 Au-Cl 4.02 2.28 -0.8 -0.3 

5.4 3.88 0.97 0.02 0 Au-Cl 4.02 2.27 -0.3 -0.4 

6.0 3.88 0.97 0.02 0.01 Au-Cl 3.90 2.28 -0.8 0 

7.6 2.84 0.71 0 0.29 Au-Cl 2.79 2.27 -0.8 -0.9 
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Figure 6.3. Hydrolysis of AuCl4
- as a function of pH. Data collected from independent solutions 

5h after preparation. The reported pH for each sample was measured right after the spectrum was 
acquired. [Au3+]=72 μM, Cl-/Au3+=1070. 
 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

200 220 240 260 280 300 320 340 360 380

WL (nm)

pH=2.8
pH=3.6
pH=4.1
pH=4.6
pH=5.0
pH=5.3
pH=5.7
pH=6.4
pH=6.7
pH=7.0
pH=9.8A

bs
or

ba
nc

e



 144
The hydrolysis of AuCl4

- was followed via UV-VIS spectroscopy in water, since 

hydrolysis in this medium is well characterized; the results were used to interpret the absorption 

spectra of Au3+/DN and Au3+/APMBTSS in methanol. Figure 6.3 shows some selected results, 

which illustrate the changes as the solution became increasingly basic. Given that each of the 

samples analyzed contained the same amount of gold and chloride (72 μM AuCl4
- and              

Cl-/Au3+=1070), the differences among spectra were due only to variations in pH. An estimation 

of the distribution of species in solution at different pH was attained using reported values of the 

experimental hydrolysis constants. The following set of reactions were assumed to occur as the 

pH of the solutions increased:28-33 

 

 

 

 

 

 

 

By solving the equilibrium expressions for reactions (6.1-6.6) along with the mass balances for 

gold and chloride, the concentrations of the various hydrolyzed Au3+ species were obtained. The 

calculations indicate that at pH=2.8, 99.2% of gold exists as AuCl4
-, but the percentage decreases 

very fast with pH, reaching 0.16% at pH=6.7. At pH=5.0 gold splits almost evenly between 

AuCl4
- (41.6%) and AuCl3(OH)- (50%); above pH=6.7, gold largely distributes among 

AuCl2(OH)2
-, AuCl(OH)3

- and Au(OH)4
-, being mostly Au(OH)4

- (90.6%) at pH=9.9. These 

AuCl4-  + H2O AuCl3(H2O) + Cl-                    pK=5.40            (6.1)

AuCl3(OH)- + H+                     pK=0.60            (6.2)

AuCl3(OH)-  + H2O AuCl2(OH)(H2O) + Cl-            pK=2.44            (6.3)

AuCl2(OH)2
- + H+                    pK=4.55            (6.4)

AuCl2(OH)2
-  + H2O AuCl(OH)3

- + H+ + Cl-            pK=8.05            (6.5)

AuCl(OH)3
-   + H2O Au(OH)4

- + H+ + Cl-                pK=10               (6.6)

AuCl3(H2O)

AuCl2(OH)(H2O)
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results were utilized to determine the number of Au-Cl bonds per total gold in solution, i.e. 

the overall Au-Cl CN, as a function of pH (see last column, Table 6.2): 

                                                          ∑
=

−
=

4

1
(OH)AuCl x4x

CN
x

xF                             (6.7) 

where 
x4x (OH)AuCl −

F is the mole fraction of gold coordinated to x chloride atoms.  

 

Table 6.2. Molar absorptivity ε experimentally determined for aqueous solutions of AuCl4
- and 

the corresponding overall Au-Cl CN as given by Eq. (6.7). Entries in columns 4-7 represent each 
of the terms in Eq. (6.7), which were determined by solving the equilibrium expressions for 
reactions (6.1-6.6) using reported values of the hydrolysis constants.28-33 [Au3+]=72 μM,                 
Cl-/Au3+=1070. 

x4x (OH)AuCl −
xF  

pH 

 
Abs  
(226nm) 

ε x 104 

(M-1 cm-1) AuCl4
- AuCl3(OH)- AuCl2(OH)2

- AuCl(OH)3
- 

Au-Cl 
CN 

2.8 2.192 3.040 3.97 0.02 0.00 0.00 3.99 
3.6 2.147 2.978 3.81 0.14 0.00 0.00 3.95 
3.8 2.132 2.957 3.70 0.21 0.01 0.00 3.92 
4.1 2.044 2.835 3.45 0.39 0.02 0.00 3.85 
4.3 2.038 2.827 3.18 0.57 0.03 0.00 3.78 
4.6 1.906 2.644 2.63 0.94 0.06 0.00 3.63 
5 1.743 2.417 1.66 1.50 0.17 0.00 3.33 
5.3 1.518 2.105 0.97 1.75 0.34 0.00 3.07 
5.5 1.422 1.972 0.62 1.75 0.51 0.01 2.88 
5.7 1.344 1.864 0.36 1.61 0.71 0.02 2.70 
6.4 1.137 1.577 0.03 0.60 1.25 0.17 2.04 
6.7 1.012 1.404 0.01 0.28 1.18 0.31 1.78 
7 0.756 1.049 0.00 0.11 0.92 0.49 1.53 
7.2 0.642 0.890 0.00 0.05 0.72 0.61 1.38 
7.4 0.64 0.888 0.00 0.03 0.52 0.71 1.26 
9 0.538 0.746 0.00 0.00 0.01 0.45 0.46 
9.4 0.578 0.802 0.00 0.00 0.00 0.25 0.25 
9.8 0.606 0.840 0.00 0.00 0.00 0.12 0.12 
9.9 0.599 0.831 0.00 0.00 0.00 0.09 0.09 
11.6 0.51 0.707 0.00 0.00 0.00 0.00 0.00 
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As seen in Figure 6.3 (trace at pH=2.8), the absorption spectrum of the AuCl4

- 

complex in  water  exhibits  two  characteristic  bands  at  227  nm  and  313  nm, which are also 

present at almost the same positions in methanol. The band at 227 nm has been attributed to the             

1A1g → 1Eu(a) ligand-to-metal charge-transfer transition (LMCT); the one at 313 nm is a double 

degenerate LMCT band, corresponding to the 1A1g → 1A2u + 1Eu(b) transition.28,34-36 Some 

authors however, have assigned the band at 313 nm as a LMCT involving only the 1A2u or the 

1Eu(b) excited state.37,38  Both bands shift to higher energies as H2O or OH- replace Cl- from the 

Au3+ inner-coordination sphere. Therefore, as hydrolysis of AuCl4
- proceeds, the observed 

absorbance at 227 and 313 nm decreases, while the corresponding bands move to lower 

wavelengths (Figure 6.3). Given the direct relationship between the number of chloride atoms in 

the inner-coordination sphere of Au3+ and the intensity of the LMCT bands, an attempt was made 

to correlate these two quantities. The first two columns in Table 6.2 list the pH of the 

AuClx(OH)4-x solutions studied and the corresponding absorbance at 227 nm. Column 2 was 

transformed to molar absorptivity ε with respect to the total Au3+ concentration (column 3), 

whereas the last column gives the overall Au-Cl CN as determined from the calculated 

distribution of Au3+ in solution, using eq. (6.7). A plot of the overall Au-Cl coordination number 

against the molar absorptivity at 227 nm derived from this table, is given in Figure 6.4. As 

observed, the Au-Cl coordination number decreases linearly with the extinction coefficient at 

227 nm in the Δε=0.8-3.0 range. Below ε ∼ 0.8, any further substitution of chloride by hydroxide 

slightly decreases ε, consequence of an overlapping of the band at 227 nm and a hypsochromic-

shifted band originally located at 313 nm.        

If as suggested by the aqueous solutions, the absorbance at 227 nm is mainly a function 

of the number of Au-Cl bonds, then the CN vs ε correlation should be valid regardless of the  
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Figure 6.4. Overall Au-Cl coordination number against molar absorptivity at 227 nm for 
solutions of AuCl4

- at two different concentrations in three different solvents. Molar 
absorptivities were all determined by UV-VIS, 5h (water) and 90 min (anhydrous methanol) after 
preparation. Au-Cl CN for the aqueous systems was calculated using equilibrium constants for 
reactions (6.1-6.6). For the 426 μM solution in methanol, it was determined using EXAFS. The 
solutions of 72 μM in methanol and methanol/water were used to test the validity of the 
relationship (see text for details). In all cases Cl-/Au3+=1070. 
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total concentration of gold and solvent used, although the energy of the LMCT transition 

could be different for  solvents  with  dissimilar permittivities due to solvatochromism.39,40 To 

test this hypothesis, solvolysis was studied for four additional Au3+ solutions in which either the 

total concentration of gold or the solvent was changed: (i) 426 μM AuCl4
- in water, (ii) 426 μM 

AuCl4
- in anhydrous methanol, (iii) 72 μM AuCl4

- in anhydrous methanol and (iv) 72 μM AuCl4
- 

in methanol/water (3.7% H2O). In all the solutions the Cl-/Au3+ ratio was 1070. The 

concentrated aqueous solutions (i) (426 μM AuCl4
-) were analyzed exactly as the lower 

concentration solutions (72 μM AuCl4
-) just described. Similarly, UV-VIS spectra were collected 

for solutions (ii) at pH=5.4, 6.0 and 7.6, and the absorbance at 227 nm converted to molar 

absorptivity ε. Since samples (ii) were prepared exactly as those used for the XANES/EXAFS 

studies, it was possible to assign an EXAFS-determined overall Au-Cl CN to each of them. A 

plot showing the CN vs ε correlation is included in Figure 6.4. As shown, whether solvolysis 

happens at low or high gold concentration, in anhydrous methanol or water, there is no 

significant difference in the relationship between the intensity of the LMCT band and the Au-Cl 

CN. Thus, it was possible to include samples (iii-iv) in Figure 6.4, using the CNs obtained by 

EXAFS for samples (ii) and extinction coefficients determined via UV-VIS; as expected, all the 

experimental points lie on the same curve. This connection between LMCT band intensity and 

coordination number was used to interpret the UV-VIS spectra of solutions of AuCl4
- and DN at 

different pH and amine/gold ratios. 

 

6.4.2 Reactions of Au3+and DN at various pH 

Understanding the binding of Au3+ to DN involves determining whether the constrained 

environment at the nanocage interior modified the properties of amine as a ligand, and if so, to  
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Figure 6.5. (A) UV-VIS spectra of Au3+/DN and Au3+/APMBTSS solutions in anhydrous 
methanol illustrating the difference in pH required to cause a comparable drop in the LMCT 
band at 227 nm after 10 min of reaction. (B-D) Overall Au-Cl CN vs pH at different reaction 
times, determined from UV-VIS and Figure 6.4. The reaction times are 10 min (B), 90 min (C) 
and 48 h (D). [Au3+]=72 μM, R-NH2/Au3+=1.0, Cl-/Au3+=4 for all solutions. 
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what extent as compared to a similar unconstrained amine in solution. Studying the influence 

of pH  on  the  adsorption   of AuCl4
- inside   DN  provided  a  means  to address  this  question. 

As previously discussed, ligand exchange of Cl- in the primary coordination sphere of Au3+ by 

H2O, MeOH, MeO- or OH- lowers the intensity of the CT band at 227 nm.41,42 This holds if Cl- 

exchanges with amine ligands, since the ionization potential of the nitrogen lone pair is higher 

than that of chloride.35,43 The interest was to promote exchange with nitrogen, as it determines 

the anchoring of Au3+ to the nanocage interior. However, as the pH of solutions of AuCl4
-, DN 

and methanol (with traces of water) increased, both R-NH2 at the interior of DN (Scheme 6.1) 

and oxygen-containing ligands (H2O, MeOH, MeO- or OH-) could potentially exchange with 

chloride. Accounting for gold binding to DN required distinguishing between both processes. 

This was achieved by parallel running a control per sample, which excluded DN but was 

otherwise similar to the solution under study. Figure 6.5A illustrates some of these results for 

solutions of Au3+ and DN in methanol 10 min after mixing. The difference of absorbance 

between Au3+ and Au3+/DN at a given pH was a consequence of the presence of DN in the 

second solution. For comparison, mixtures of Au3+ and the primary amine APMBTSS (Scheme 

6.1) were also analyzed; as the traces suggest, the drop in the intensity of the band at 227 nm 

caused by addition of DN at pH=4.1 was comparable to the drop generated by an equivalent 

amount of APMBTSS at pH=9.8. This was a first indication that free amine required a higher pH 

than constrained amine, to cause a specific decrease in the LMCT band. The pH effect was 

further explored by UV-VIS at different reaction times; the results are summarized in Figures 

6.5B-D in the form of Au-Cl CN vs pH. To make the plots, the spectra (not shown) were used to 

determine ε at 227 nm and Figure 6.4 was employed to calculate a corresponding overall Au-Cl 

CN. In general, the free amine APMBTSS required higher pH than the primary amine confined 



 152
inside DN, to cause the same drop in the LMCT band at any given time. As time progressed 

the trend was maintained, although the drop in the intensity of the band became more 

pronounced. Since the controls accounted for exchange with oxygen-containing ligands, the 

extra drop in the LMCT band is attributed to replacement of Au-Cl by Au-N bonds, and 

consequently, binding of AuCl4
- to DN. The possibility of amine-enhanced solvolysis was ruled 

out by the fact that APMBTSS didn’t cause such an effect and by cyclic voltammetry (below).   

  

Scheme 6.1 
Model of the deprotected nanocage (DN) highlighting its porous wall and interior propylamine 
functionalities. The structure of the primary amine APMBTSS used as a reference in this work is 
also included.  
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Figure 6.6. (A) Magnitude of the Fourier transformed EXAFS (k2, Δk=3.37-11.6 Å-1) for (---) 
AuCl4

- at pH=3.7, (···) Au3+/APMBTSS at pH=4.7 and (—) Au3+/DN at pH=4.0. Peak positions 
are uncorrected for phase-shift. (B) Au-N coordination number determined by EXAFS. Data 
collected at Cl-/Au3+=4: (▲) Au-Cl CN for AuCl4

- control solutions, (♦) Au3+/DN and (●) 
Au3+/APMBTSS. Collected at Cl-/Au3+=1070: (◊) Au3+/DN and (○) Au3+/APMBTSS. In all 
cases the solvent was anhydrous methanol. All solutions were analyzed after 90 min of reaction. 
Other conditions:  [Au3+]=430 μM, R-NH2/Au3+=1.0. 
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Table 6.3. EXAFS fit parameters for Au3+/DN and Au3+/APMBTSS solutions in anhydrous 
methanol (k2, Δk=3.37-11.6 Å-1; 430 μM Au3+). 

 

 

The influence of pH was also studied by XAS on Au3+/DN and Au3+/APMBTSS 

solutions. Since EXAFS can’t distinguish Au-O from Au-N scattering,  experiments were carried 

out in anhydrous methanol in order to minimize ligand exchange between chloride and oxygen-

containing groups. Additionally, reference solutions of AuCl4
- (no amine or DN) under the same 

conditions as the samples of interest, were analyzed; those controls showed no solvolysis of the  

CN (±10%) R/Å  (±0.01) DWF x 10-3 Eo (eV) 
pH R-NH2/Au3+ Cl-/Au3+ Au-N Au-Cl Au-N Au-Cl Au-N Au-Cl Au-N Au-Cl 
Au3+/APMBTSS 
3.7 0 4 0 4 0 2.28 0 -0.69  0.7 
4.7 1 4 0 4 0 2.28 0 -0.34 0 0.4 
10.9 1 4 --- 1.45 --- 2.28 --- -2.1 --- 0.9 
6.6 3 4 3.08 0.92 2.05 2.28 -2 -7.2 0.89 -4.7 
6.4 4.1 4 2.84 1.16 2.05 2.28 -3.6 -5.5 1.2 -4.5 
6.8 4.1 4 3.41 0.59 2.05 2.28 6.2 -10 -4 3.1 
7.5 4.1 4 3.63 0.37 2.05 2.28 7.3 -10 -4.9 4.7 
5.4 1 1070 --- 4.06 --- 2.27 --- -0.55 --- -0.3 
5.8 1 1070 --- 3.83 --- 2.26 --- 0.67 --- -0.7 
10.9 104.3 1070 3.78 0.22 2.07 2.28 4.3 -9.9 -3.4 8.7 
           
Au3+/DN 
3.5 1.07 4 1.36 2.64 2.05 2.28 -0.34 -4 2.7 -0.2 
3.7 1.07 4 1.08 2.92 2.05 2.28 -3.3 -3.4 4.4 -1.2 
3.8 1.07 4 1.15 2.85 2.05 2.28 -4 -2.9 5.1 -0.9 
3.9 1.06 4 0.9 3.1 2.05 2.28 -7.1 -2.6 6.3 -0.9 
4 1.07 4 1.1 2.9 2.05 2.28 -3.5 -1.7 2.7 -1.2 
4 2.12 4 1.23 2.77 2.05 2.28 4.3 -2.9 0.7 0.3 
4 4.31 4 1.92 2.08 2.05 2.28 -4.8 -5.7 3.6 -2.9 
4.2 4.31 4 2.3 1.9 2.05 2.28 -4.2 -7.7 4.2 -4.0 
3.6 0.99 1070 0.75 3.25 2.05 2.28 -3.1 -2.5 1 -0.3 
5.4 0.99 1070 0.71 3.29 2.05 2.28 -2.3 -2.2 2.9 -0.4 
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Figure 6.7. (A) Cyclic voltammograms of Au3+/DN solutions at various pH. (B) Time evolution 
of the cathodic current (a+d) as a function of time at (▲) pH=4.6, (●) pH=7.1 and (■, ♦) 
pH=7.4. Two controls are included: (◊) AuCl4

- and (Δ) Au3+/PN, both at pH=7.4. Reactions 
carried out in methanol (0.1% water) at 500 rpm. [Au3+]=42 μM, R-NH2/Au3+=1.0. Scan rate = 
0.1 V/s. Reference electrode: Ag/AgCl. Supporting electrolyte: 0.10 M NaClO4.  
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gold precursor in the pH range studied. Figure 6.6A compares the magnitude of the Fourier 

transform of the EXASF corresponding to AuCl4
-, Au3+/APMBTSS and Au3+/DN at pH=3.7, 4.0 

and 4.7 respectively. No  significant  change  was induced upon addition of APMBTSS, contrary 

to what was observed for DN even at lower pH. Since there was no solvolysis of AuCl4
- with or 

without amine (APMBTSS), the changes observed were due solely to the formation of new    

Au-N bonds. EXAFS fitting led to the Au-N coordination numbers shown in Figure 6.6B and the 

optimized parameters reported in Table 6.3. As the figure indicates, DN binds gold at a much 

lower pH than free amine in solution, which is commensurate with the foregoing UV-VIS 

results.   

At lower gold concentration, binding of Au3+ to DN appears to occur at higher pH, as 

suggested by cyclic voltammetry (Figure 6.7). Figure 6.7A compares the cyclic voltamograms 

for Au3+/DN solutions (42 μM Au3+, amine/gold=1.0) at various pH. For control purposes, data 

are included for the solvent/electrolyte system; this trace showed no Faradaic currents in the 

potential range investigated. Data collected for solutions of DN and PN (the precursor of DN 

which lacks amine functionalities at the interior) also confirmed the absence of Faradaic currents. 

Therefore, neither the solvent, DN nor PN underwent redox processes between 1.1 and -0.4 V. 

However, redox products formed once gold was present in solutions. Inspection of the top trace 

reveals four features due to reduction (a,d) and re-oxidation (b,c) of gold on the electrode’s 

surface.44 Similar peaks have been observed for this and other gold complexes.28,45,46 In 

accordance with the literature, we assign peaks (a-d) to these overall reactions: 28,45,46 
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As pH increased, the cathodic current decreased until eventually became close to zero, indicating 

that there was no gold left in solution to react on the electrode. Two possible explanations are 

that either Au3+ precipitated from solution as pH increased or it was trapped inside DN. Figure 

6.7B presents more detailed results, including two control experiments aiming to test whether 

precipitation occurred. The current generated by gold in Au3+/DN solutions decreased with time, 

faster at higher pH. Contrarily, a solution of Au3+ with no DN, showed no change, even at the 

highest pH considered, suggesting that in the absence of DN gold remained in solution. A 

possible precipitation of gold on the external surface of DN, which could limit its diffusion to the 

electrode, was ruled out after analyzing a solution in which DN had been replaced by an exact 

amount of PN (Au3+/PN). Once again, the current remained constant with time. Different form 

DN, PN is not hollow and doesn’t contain amine functionalities at the interior. Thus, we 

interpreted the decrease in the current as a result of Au3+ being trapped at the interior of DN.    

 

6.4.3. Reaction of Au3+and DN at various R-NH2/Au ratios.  

The binding of Au3+ to DN under various amine/gold ratios at pH=4.9 was evaluated by 

UV-VIS  and  EXAFS.  The  results  derived  from  UV-VIS  are  given  in  Figure  6.8,  both  as  

 

AuCl4-  + 3e-
Au0  +  4Cl-                     (Peak a, 0.19 V)

AuCl4-  +  3e-                        (Peak c, 0.81 V, partial re-oxidation)

2Au0  + 3H2O Au2O3  +  6H+  +  6e-      (Peak b, 0.49 V, partial re-oxidation)

2Au0  +  6OH-                 (Peak d, 0.56 V)

Au0  +  4Cl-

Au2O3  +  3H2O  +  6e-
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Figure 6.8. (A) Absorbance at 227nm after 6 and 90 min of reaction for independent solutions of 
Au3+/DN, with different amine/gold ratios. (B) Drop in Au-Cl coordination numbers determined 
from (A) with the help of Figure 6.4. Data acquired at pH=4.9 in anhydrous methanol. [Au3+]=72 
μM, Cl-/Au3+=4.  
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Figure 6.9.  (A) Magnitude of the Fourier transformed EXAFS (k2, Δk=3.37-11.6 Å-1) at 
different amine/gold ratios for Au3+/DN. (---) AuCl4

- (R-NH2/Au3+=0), (···) R-NH2/Au3+=1.1 and 
(—) R-NH2/Au3+=4.3. Peak positions are uncorrected for phase-shift. (B) Au-N coordination 
number determined by EXAFS. Data collected for Au3+/DN: (■) R-NH2/Au3+=2.1 and (▲)       
R-NH2/Au3+=4.3. Data collected for Au3+/APMBTSS: (○) R-NH2/Au3+=3.0 and (Δ)                  
R-NH2/Au3+=4.1. AuCl4

- control: (●) Au-Cl CN. In all cases the solvent was anhydrous 
methanol. All solutions were analyzed after 90 min of reaction. [Au3+]=430 μM, Cl-/Au3+=4.0.  
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absorbance at 227 nm and drop of Au-Cl CN, based on the correlation developed in Figure 

6.4. After 6 minutes of reaction, the Au-Cl CN decreased almost linearly with the amine/gold 

ratio up to a maximum of 1.8. After 90 min and below R-NH2/Au3+=0.8, the drop increased only 

to 0.5, whereas it became 0.8 at R-NH2/Au3+=1. For higher amine/gold, the Au-Cl CN decreased 

linearly reaching ~ 2.8 at R-NH2/Au3+=4.3. There was no solvolysis of AuCl4
- (R-NH2/Au3+=0), 

even  after  48  h (see also Figure 6.5). Thus,  the  changes  observed  were exclusively due to the  

nanocage, more specifically to the formation of Au-N bonds in its interior. Similar results were 

obtained by EXAFS, as reported in Figure 6.9. The decrease in the magnitude of the FT (Figure 

6.9A) points to a progressive ligand exchange with increasing amine/gold ratio. In terms of the 

Au-N coordination number (Figure 6.9B), there was no significant change when doubling         

R-NH2/Au3+ from 1.1 to 2.1. Nonetheless, Au-N underwent a two fold increase when R-

NH2/Au3+ was raised to 4.3. Figure 6.9B also shows results for a few Au3+/APMBTSS solutions; 

although binding occurred at R-NH2/Au3+ > 1.0, a higher pH was in general required as 

compared to DN. The EXAFS for Au3+/APMBTSS samples were fitted assuming only Au-Cl 

and Au-N scatterings; however, due to the high pH it was possible that Au-N and Au-O 

scatterings were convoluted, so the real Au-N CN might be lower than reported. Evidence for the 

formation of Au-N bonds came from an easily detectable color change from pale yellow to 

darker green-brown that followed the mixing of Au3+ and APMBTSS. The color change was also 

observed when DN was used.    

 

6.5. Discussion 

UV-VIS in combination with XAS provided a means to determine the extent of 

solvolysis of AuCl4
- in nonaqueous solution. Quantification relied on the relationship between 
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Au-Cl coordination number and the extinction coefficient corresponding to the LMCT band 

at 227 nm, which appeared invariable in the concentration range 72-430 μM, whether the solvent 

was water or methanol. In order to employ this relationship to quantify the binding of cationic 

gold to primary amine, the assumption was made that the outer coordination sphere of gold had 

no influence on the measured extinction coefficient, i.e. that the relationship was applicable to 

Au3+, Au3+/DN and Au3+/APMBTSS solutions.  

There was a significant difference on the binding properties of primary amine tethered to 

the interior of DN, as compared to the same amine in solution. Below pH 6, only DN forms Au-

N bonds (Figures 6.5 and 6.6). Moreover, only single bonds form regardless of the pH, as far as 

gold and amine are in a 1:1 ratio. In contrast, APMBTSS displaces less than one chloride per 

gold at pH =7.0-10. Attempts to determine the binding stoichiometry of Au3+ and APMBTSS at 

higher pH were inconclusive owing to very fast exchange of Cl- by OH-. A color change from 

pale yellow (AuCl4
-) to a dark brown-green occurred when a Au3+/APMBTSS solution was 

brought to pH=11.0, signaling the formation of new Au-N bonds; a similar color change was 

observed when the amine/gold ratio was raised to 104. The different response of DN to bulk pH 

as compared to unconstrained amine is better appreciated in Figure 6.10. In less than 48 h, all the 

Au3+ in solution migrates inside DN forming Au-N bonds in a 1: 1 ratio; in fact, about 80% of 

the reaction takes place within 90 min. DN exhibits a steep increase of Au-N CN from pH=3.8 to 

4.3, which levels off at higher pH. Contrarily, APMBTSS binding to Au3+ increases 

monotonically with pH. The 1:1 stoichiometry of the complex formed between Au3+ and the 

amine functionalities inside DN, was also observed at higher (Figure 6.6) and lower (Figure 6.7) 

gold concentrations. Clearly, APMBTSS achieves a comparable degree of binding to Au3+ as 

DN, 4 to 5 pH units above. A similar pH gap has been reported for PANAM dendrimers, where  
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Figure 6.10. Decrease in Au-Cl coordination number of AuCl4

- in solution with DN or 
APMBTSS. Data derived from Figure 6.5. Au3+/DN after (♦) 10 min, (● ) 90 min and (▲) 48 
hours of reaction. Au3+/APMBTSS after (◊) 10 min and (○) 90 min of reaction. The solvent was 
anhydrous methanol. [Au3+]=72 μM, Cl-/Au3+=4.0.  
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the constrained tertiary amines appear to be less basic than the peripheral primary amines.47-

50 For DN and APMBTSS, the pH difference can be rationalized in terms of the ability of amine 

to stabilize protons in an infinite solution as compared to inside a restricted nano-environment.  

Aliphatic amines have strong affinity for protons, as demonstrated by their high 

protonation constants.51 As a result, protons compete with Au3+ for the amine groups:  

 

 

 

 

 

 

The fraction of proton-free amine is given by: 

 

                                             α=
+

=
−
−

+ ][1
1

)(
][

2

2

HKNHR
NHR

Ht

                                   (6.9) 

 

where tNHR )( 2−  is the total concentration of amine in solution and HK  the amine protonation 

constant. For instance, if it is assumed that APMBTSS have a similar protonation constant as 

propylamine (log K=10.57 at zero ionic strength and 25 oC),51-55 the required pH to have 96% 

proton-free amine would be 12. The reaction yielding the gold-amine complex:  
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where tAu is the total concentration of Au3+ and α  is given by Eq. (6.9). Rearranging Eq. (6.11), 

a conditional formation constant *
fK can be defined: 
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which describes the formation of the gold-amine complex at any particular pH.  The calculation 

of *
fK is straight forward, using the [AuCl4

-] determined via UV-VIS or EXAFS. Reactions (6.8) 

and (6.10) are also valid when APMBTSS is replaced by DN, so equations (6.9), (6.11) and 

(6.12) can be used to describe the binding. Table 6.4 compares *
fK  for Au3+/DN and 

Au3+/APMBTSS solutions at various pH. 
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Table 6.4. Conditional formation constants of gold-amine complexes formed by reaction of 
HAuCl4 and APMBTSS (90 min) or DN (90 min and 48 h). Data calculated from the 
experimental results presented in Figure 6.10, using Eq. (6.12). The last column was determined 
using Eq. (6.14). 

Au3+/APMBTSS  Au3+/DN 

pH log Kf
*  pH log Kf

* 
(KH)DN/(KH)APMBTSS 

3.8 3.40  3.7 7.42 7.91 2.42 × 10-5 

4.2 5.47  4.1 8.46 9.49 7.59 × 10-5 

5.7 6.74  4.9 8.66 n.a. n.a. 

7.3 7.88  6.1 8.81 n.a. n.a. 

 

The dissimilar behavior of DN and APMBTSS observed in Figure 6.10 is rationalized in 

terms of the differences in the protonation constants. Given the similarity of propylamine 

tethered inside DN and APMBTSS, it is reasonable to expect a similar value of fK for binding to 

Au3+ in each case. Writing Eq. (6.12) for these two instances, it follows that: 
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which can be expressed in terms of the protonation constants: 
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Figure 6.11. Anodic current generated during the oxidative (positive-going) scan of cyclic 
voltammetry experiments for AuCl4

-/DN solutions with Au3+/R-NH2=0-1.93. Each data point 
was obtained after 90 min of reaction of a fixed amount of nanocage containing 42 μM of 
primary amine (as determined by the ninhydrin test25,26 described in Chapter 2) and the proper 
amount of Au3+. The reaction was carried out in methanol/water (4.4 % H2O) at 500 rpm and 
pH=7.4. Scan rate: 0.1 V/s. Reference electrode: Ag/AgCl. Supporting electrolyte: 0.11 M NaCl.  
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In deriving the equation, the simplification was made that ][])[1( ++ ≈+ HKHK HH  which 

applies to the pH range considered. Eq. (6.14) reveals that the constraining of propylamine to the 

nanocage interior, reduces its protonation constant by five orders of magnitude (see Table 6.4); 

as a result, binding of gold to DN occurs at a significantly lower bulk pH. It should be noted that 

an overall of ~ 10 propylamine groups are closely packed inside DN.25 Thus, the remarkable 

drop  in  KH suggests  that  protonation  of  the  amine  groups  is  very  unfavorable  as  it  would 

dramatically increases the energy of the system, consequence of the intense charge repulsion. 

Electrostatic-induced pKa shifts arising from similar mechanisms have been observed in 

polyelectrolytes56-58 and biopolymers.59-62  

For samples with R-NH2/Au3+=1, the minimum pH necessary to have complete binding 

of Au3+ inside DN appears to shift to higher values, as the total concentration of gold decreases. 

At 430 μM, complete binding occurs at pH=3.5 (Figure 6.6); for 72 μM solutions, it occurs at pH 

~ 4.3 (Figure 6.10), whereas for 42 μM solutions, the pH lies between 4.6 and 7.1 (Figure 6.7). 

At present, we don’t have a satisfactory explanation for this observation.  

It is worth noting that DN forms a complex with AuCl4
- even under excess of chloride, 

which tends to favor the unbound state (see Figure 6.6). Figure 6.11 shows the Faradaic current 

measured in a set of cyclic voltammetry experiments for solutions of 42 μM of amine inside DN 

and increasing amounts of Au3+ (0.11 M NaCl). Regardless of the presence in solution of a 2600-

fold excess of chloride, a ~ 1:1 binding stoichiometry was observed. The result indicates that 

only chemically bound gold is present inside the nanocage; no physically trapped gold exists at 
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its interior. This feature makes the nanocage very attractive as a nanoreactor in the 

preparation of gold (and other metals) clusters,  where  fine  control  of  the  number  of  atoms  

 

 
Scheme 6.2. 
Binding of Au3+ inside DN as the amine/gold ratio increases.  
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trapped inside is a requirement. It was observed that in general, the amine/gold ratio in 

solution determines the binding stoichiometry of the Au3+-DN complexes. When R-NH2/Au3+ = 

1, a 1:1 complex formes. As the ratio increases, so does the  number  of  Au-N  bonds up to an 

overall ~ 2.5 (Figures 6.8 and 6.9), pointing out to the role of DN as a chelating ligand. Scheme 

6.2 illustrates this situation. The packing density inside DN for a 1:1 complex is higher than that 

for complexes with higher amine/gold ratio; this is possible in part due to the neutrality of the 

complex formed so that no electrostatic repulsions exist. As the amine/gold ratio increases, 

charged species form; minimum Coulombic repulsion would require the complexes to be as far 

apart as possible. Besides, the presence of charged species within the cage would in principle 

alter the pKa of the free amine groups. Other factors controlling the binding of gold inside DN 

are the relative proximity of the amine groups and the orientation of the d-orbitals participating 

in the formation of the complex; in the end, the formed structures will be the result of the 

interplay among all these variables. Importantly, the similarities in the Fourier transformed 

EXAFS in Figures 6A and 9A, suggest minor changes on the local environment around Au3+ 

upon complexation to DN.63-65 This observation along with the multiple binding characteristics 

of the nanocage already discussed, suggest that the interior propylamine groups are very flexible 

and can easily accommodate the spatial requirements imposed by gold, so that it retains its 

characteristic square planar geometry.  

DN offers size selectivity properties combined with a set of densely packed amine 

groups, which can be exploited for catalytic purposes.25 It also possesses a monolayer-thick wall 

that allows facile diffusion in and out the cage. The interior amines can be partially used as pro-

functional groups to generate materials exhibiting hetero-functionalities, which may be used to 

enhance its catalytic properties. They could also be used to perform base catalysis in a neutral or 
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oven slightly acidic medium. Partially loaded Au3+/DN can be used to carry out bi-functional 

catalysis by gold and amine; in this case, the amine/gold ratio can be manipulated to tune 

reactivity. This in turn will affect the pKa of the amine, which is expected to have a marked 

influence on reactivity.61,62,66-69 Other possible applications include using DN as a nano-reactor 

to synthesize mono- and bi-metallic nanoparticles, as well as metal oxide nanoclusters.  

 

6.6 Conclusions 

The combination of EXAFS, UV-VIS and cyclic voltammetry offers a consistent picture 

of the adsorption of tetrachloroaurate ions inside shell cross-linked siloxane nanocages (DN), 

and at the same time, reveals unknown properties of this novel material. Solutions of 

Au(OH)xCl4-x in water or methanol exhibit a LMCT band at 227 nm whose intensity correlates 

with the Au-Cl coordination number, regardless of the total gold concentration. In methanol Au3+ 

diffuses inside DN forming gold-amine complexes of a stoichiometry that depends on the total 

amine/gold ratio in solution. If amine/gold ≤ 1, only 1:1 complexes form. If amine is present in 

excess over gold, DN acts as a chelating ligand forming multiple Au-N bonds per gold. 

Confining propylamine groups inside DN (2nm), induces a drop of five orders of magnitude on 

their protonation constant. As a result, DN is capable of binding Au3+ at a pH five units lower 

than an equivalent amine in solution (e.g. APMBTSS). Au3+ binding to DN is very favorable 

even under excess of chloride (2600-fold); thus, when amine/gold=1, a 1:1 complex forms. With 

or without excess chloride, the maximum amount of Au3+ adsorbed by DN is it that generates a 

1:1 complex. All the gold inside the nanocage is chemically bound to propylamine; no physically 

trapped gold was observed. Propylamine groups tethered within DN are very flexible; they re-
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accommodate to changing external conditions and other restrictions imposed the relative 

orientation of the accepting orbitals of Au3+.  
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CHAPTER 7 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

7.1 Summary and conclusions 

 The combination of in-situ XANES, EXAFS and FTIR offers an effective way to probe 

Au/TiO2 catalyst under different conditions, providing insight into the structure and the reaction 

mechanism. These techniques were jointly used with H2 pulses and catalytic activity data to 

construct a relationship between structure and activity. It was determined that: 

• Au3+ in an as-prepared catalyst, presumably as AuOx(OH)4-2x
- species on microrutile, is 

inactive for the oxidation of CO at sub-ambient temperatures. 

• Catalytic activity increases with the fraction of metallic gold in the catalyst up to about 80% 

reduction. Above that level, a slight reduction in activity takes place, apparently caused by 

morphological changes of the gold nanoparticles and deactivation by carbonates. 

• Controlled reduction of Au3+ with H2 pulses at room temperature promotes the formation of a 

fairly narrowly distributed population of gold nanoparticles in the range 1.5-2nm.  

• Two well differenced stages are involved in the formation of the nanoparticles: (1) an 

induction period where nuclei are formed and (2) growth where H2 consumption is 

significant. 

• Activity is also developed if an as-prepared catalyst is exposed to 10% CO at -60 oC or a 

reaction mixture containing 1%CO and 2.5% O2 at -33 oC. In this case two IR bands 

corresponding to CO adsorbed on gold and CO2 adsorbed on the support, are readily 

detected.  
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From these observations, it can be concluded that cationic gold is inactive for the oxidation 

of CO at low temperature and that an active catalyst requires zero-valent gold. 

The same in-situ techniques were combined with isotopic labeling to study the rates of 

formation and disappearance of species on the surface of an active catalyst, under different 

conditions. It was determined that: 

• CO is adsorbed on the step sites of the gold nanoparticles.  

• CO adsorbed on the nanoparticles reacts with O2 at the same rate as the production of CO2 

under steady-state conditions.  

• About 18% of the atoms at the surface of nanoparticles participated in the adsorption of CO. 

Only 60% of these sites are capable of activating CO.  

• Activation of CO at the surface of a nanoparticle involves transfer of electrons from gold to 

CO. 

• Either O2 is not adsorbed on gold or the amount adsorbed is below the detection limits of the 

techniques used.  

• The oxidation of CO occurs via a hydroxycarbonyl Auδ–COOH intermediate that is very 

sensitive to oxygen; it can be detected only under oxygen-free conditions.  

• As expected for a true reaction intermediate, the disappearance of the hydroxycarbonyl 

correlates with the formation of CO2.  

• The hydroxycarbonyl undergoes isotopic exchange with 18O; the products resulting from its 

decomposition include C16O18O and C18O2.  

From these observations, it is concluded that metallic gold is a necessary component of an active 

catalyst, because the activation of CO takes place at the surface of the supported nanoparticles. 

Only 60% of the adsorbed CO is catalytically active. It is likely that the activated CO migrates to 
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the active sites, where hydroxide groups attached to gold (of an unknown oxidation state) 

react with it forming a hydroxycarbonyl intermediate that is very sensitive to oxygen. In the 

presence of oxygen, the hydroxycarbonyl decomposes generating CO2. 

 

The binding of cationic gold to the amines inside the siloxane nanocages was used as a 

“handle” to study the response of the system to the external pH, because protonation and binding 

to gold are mutually exclusive reactions. Once an amine is protonated, its nucleophilic character 

is lost and no binding to gold takes place. Knowing the conditions where protonation does not 

occur is crucial to the further applications of this novel material in catalysis and synthesis of 

advanced materials. UV-VIS combined with XANES, EXAFS and cyclic voltammetry was used 

to carry out this investigation. It was determined that: 

• The intensity of the ligand-to-metal charge transfer band at 227 nm in HAuCl4 correlates 

with the Au-Cl coordination number. 

• The amines inside a nanocage had a far smaller affinity for protons than a comparable amine 

in solution. Their protonation constant was five orders of magnitude smaller than that of the 

same isolated amine. 

• The high degree of confinement of the amine groups inside the nanocage is presumably the 

cause of this remarkable difference. As the number of protonated amines increases, so does 

the electrostatic repulsion (which is a long range force). Since protonation makes the system 

unstable, it is an unfavorable process.  

• There is another effect that overlaps with the previous one. A high degree of confinement 

also enhances the local concentration of ions. In solution, it is very common to have a OH- 

counter-ion to H+. If H+ diffuses inside the cage and is trapped by an amine, the OH- counter 
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ion will be in an effective concentration enough to bring the local pH to a value close to 

pH=14. At this pH, no further protonation of the amines will occur.  

• All the gold inside the nanocages was chemically bound to the internal amine groups. This is 

rationalized by recognizing that the diffusion into the nanocage is entropically unfavored. 

However, the driving force causing the diffusion is the formation of the Au-N coordination 

bond, which is highly exothermic. Thus, if in a solution with excess gold the possibility of 

forming Au-N bonds doesn’t exist because, for example, all the internal amines have already 

been taken, no retention of gold inside the cage will occur.  

• When the internal amines are in excess with respect to the gold in the cage, multiple Au-N 

bonds per gold are formed. This implies that the amines have to accommodate to the spatial 

restrictions imposed by the orbitals of Au3+ in its square planar configuration. This indicates 

that the internal amines are highly flexible.  

 

From these observations, it is concluded that nanoconfinement is an effective way of generating 

materials with unusual chemical properties. In the case of the nanocage, the decreased Brønsted 

basicity could be exploited, for example, to perform catalysis under neutral or slightly acidic 

conditions. 

 

7.2 Recommendations for future work 

 Studies on the oxidation of CO at low temperature with supported gold suggest that the 

fraction of active sites where reaction between an activated form of CO (or an intermediated 

formed with activated CO) and oxygen occurs, is very small. This limits the number of 

techniques suitable as a direct probe for such sites. Several attempts have been made to 
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selectively titrate these sites with a “poison” such as chloride. Recent data exist which 

support a model of the active site being an ensemble of metallic and a cationic form of gold 

located at the perimeter with the support.1 Additional studies appear desirable for the 

construction of a more comprehensive model of the active sites.  

 A still poorly understood aspect of the oxidation of CO at low temperature is the nature 

of the active form of oxygen and the locus of its activation. Activation of oxygen is very 

important for a complete picture of the mechanism of reaction. It also will be relevant to more 

complicated oxidation reactions using gold catalyst. Techniques such as Raman and EPR 

spectroscopy are expected to be useful in the study of this process. 

 Using samples with gold nanoparticles of different sizes might be helpful to clarify 

whether small nano-particles are required because of the higher density of active sites associated 

with them. Since CO oxidation is a structure sensitive reaction, it would be an ideal candidate to 

probe this hypothesis. However, a method capable of discerning the active sites from the 

adsorption sites must be utilized. Selective poisoning is a good candidate, but it must be carried 

out under carefully controlled conditions so that the information obtained is unambiguous. 

Caution must be also exercised to compare samples that only differ in the size of the gold 

particles.  

 Siloxane nanocages appear to offer several opportunities that are worthwhile exploring. 

First, they exhibit a monolayer-thick wall that allows facile diffusion in and out the cage. They 

also display size selectivity properties combined with amine functionalities densely packed into a 

4 nm3 volume, which can be explored for catalytic purposes. Due to the high confinement, the 

local concentration of amines with respect to a substrate inside the cage is markedly high. This 

will favor reactions which kinetics is dependent on the concentration of the amines. The local 
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confinement of the amines could also be exploited to perform concerted catalysis requiring 

attack by more than one basic group. Since there is no requirement for a two-body collision in 

order for the reaction to take place, a rate enhancement could be expected; Aldol condensations 

are an example of such reactions. The interior amines can be partially used as pro-functional 

groups to generate materials exhibiting hetero-functionalities, which may be used to enhance its 

catalytic properties. They could also be used to perform base catalysis in a neutral or even 

slightly acidic medium. Partially loaded Au3+/DN could be used to carry out bi-functional 

catalysis by gold and amine; in this case, the amine/gold ratio can be manipulated to tune 

reactivity. This in turn will affect the pKa of the amine, which is expected to have a marked 

influence on reactivity. Other possible applications include using DN as a nano-reactor to 

synthesize mono- and bi-metallic nanoparticles, as well as metal oxide nanoclusters.  
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